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ABSTRACT 

A  theoretical  and  empirical  study  of  the  structural-acoustic  response  and  sound  transmission 
properties  of  fuselage  structures  is  described .  The  external  fluctuating  pressure  environments 
discussed  are  boundary  layer  turbulence,  jet  noise  and  reverberant  acoustic  fields.  In  order 
to  investigate  the  complete  behavior  of  the  fuselage,  equivalent  structural  models  are  analyzed 
whose  combined  characteristics  represent  the  complex  fuselage  structure  throughout  the  entire 
frequency  response  range  of  interest.  The  structure  and  interior  sound  field  are  treated 
throughout  as  a  coupled  dynamic  system  whose  response  is  describable  in  terms  of  the  system's 
normal  modes.  Prediction  methods  are  developed  for  structural  responses,  noise  reduction 
and  internal  acoustic  fields  of  untreated  and  ccoustically  treated  fuselage  structures.  The 
results  of  this  study  have  been  programmed  for  computer  solution,  thus  allowing  the  significant 
parameters  affecting  sound  transmission  to  be  determined.  In  addition  to  the  computer  pro¬ 
grams,  empirical  design  charts  are  presented  for  carrying  out  pre-design  estimates  of  the 
external  fluctuating  loads  due  to  boundary  layer  turbulence  and  jet  noise  and  overall  noise 
reduction  of  typical  acoustic  treatments. 
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SECTION  I 

INTRODUCTION 


Cabin  noise  during  cruising  flight  of  modem  aircraft  is  caused  largely  by  vibration  of  the 
pressurized  fuselage  shell  and  floor.  The  fuseloge  vibrations  are  caused  by  o  combination  of 
air  pressure  fluctuations  end  forces  of  mechanical  origin.  The  former  find  their  source  in 
propeller  noise,  turbojet  or  turbine  exhaust  and  compressor  i.'rise,  and  in  the  turbulence  of  the 
air  flow  over  the  fuselage  surface,  while  the  latter  derive  mainly  from  the  prime  movers.  The 
present  trend  towards  almost  complete  dependence  upon  turbojet  propulsion  and  rearward  loca¬ 
tion  of  the  power  units  alleviates  the  jet  exhaust  problem  somewhat,  but  the  boundary  layer 
induced  noise  is  unaffected  by  this  trend.  Supersonic  cruising  flight  will  tend  to  eliminate  the 
jet  noise  problem  but  severely  increase  the  boundary  layer  induced  noise  since  the  intensify 
of  the  pressure  fluctuations  increases  approximately  as  the  fourth  power  of  the  airspeed. 

Cabin  designs  for  minimum  noise  levels  usually  rely  heavily  on  in-flight  measurements  in  the 
first  instance,  and  subsequent  application  of  acoustic  Treatment  to  reduce  the  noise  levels  to 
meet  some  p  re -determined  cabin  noise  criteria;  in  other  words,  the  noise  problem  is  resolved 
offer  final  structural  design.  The  foregoing  method  has  in  ihe  past  been  reasonably  efficient 
in  practice,  but  with  current  trends  in  aircraft  design  towards  maximum  structural  efficiency, 
the  need  has  arisen  for  optimization  studies  of  the  weight  of  acoustic  treatment  versus  ifs  effec¬ 
tiveness  at  the  preliminary  design  stage. 

Fundamental  studies  of  sound  transmission  through  fuselage  structures  hove  been  largely  con¬ 
cerned  with  the  sound  field  radiated  by  single  finite  panels  excited  by  boundary  layer  turbulence 
(References  1  -  6),  and  emphasis  has  been  placed  on  the  development  of  theoretical  models 
for  comparison  with  experimental  results.  However,  the  complete  solution  to  the  problem  is 
much  more  complex  since  the  interior  sound  field  is  set  up  by  the  response  of  the  entire  struc¬ 
tural -pressurized  cabin  volume  system  to  external  pressure  fluctuations. 

The  interaction  between  plane  sound  waves  and  a  flexible  structure  was  originally  considered 
by  Junger  (Reference  7)  in  relation  to  the  problem  of  sound  scattering  by  thin  elastic  shells. 
Starting  from  the  general  solution  of  the  wave  equation  and  the  Lagrange  equations  of  the 
shell  in  vacuo,  application  of  the  boundcry  condition  governing  the  radial  particle  deflection 
and  expression  of  the  exchange  of  energy  between  the  shell  and  the  medium  in  terms  of 
generalized  forces  led  to  a  solution  for  the  scattered  sound  pressure,  though  the  transmitted 
interior  field  was  not  discussed.  More  recently  this  voric  was  extended  by  fbxwell  and 
Franklin  (Reference  8),  who  investigated  the  interior  sound  field  set  up  in  an  infinitely  long 
stiffened  cylinder  subjected  to  plane  acoustic  waves.  Equations  governing  the  coupled  response 
of  the  system  were  developed  to  account  for  the  effects  of  scattering,  though  the  problem  was 
solved  for  the  two-dimensional  case  only. 

In  the  present  investigation  the  three-dimensional  problem  of  a  finite  stiffened  fuselage  is 
studied  by  considering  three  equivalent  structural  models  to  represent  the  entire  frequency  range 
of  interest.  The  response  of  the  fuselage  at  low  Frequencies  is  determined  by  the  characteristics 
of  a  stiffened  cylindrical  shell,  while  the  fuselage  responses  at  intermediate  and  high  frequencies 
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are  determined  by  the  characteristics  of  q  stiffened  panel  group  and  a  single  fuselage  panel 
respectively;  this  structural  equivalence  according  to  frequency  is  compatible  with  the  modal 
behavior  of  typical  fuselage  structures. 

Studying  each  equivalent  structural  model  in  turn,  the  free  vibration  characteristics  of  the 
structural -acoustic  coupled  system  are  first  derived  and  then  expressions  are  developed  for  the 
internal  sound  pressure  in  terms  of  external  fluctuating  pressures.  By  adopting  the  classical 
modal  analysis  method,  the  power  spectral  density  of  the  response  is  expressed  in  terms  of  the 
power  spectral  density  of  the  external  pressure  fluctuations  caused  by  boundary  layer  turbulence, 
jet  noise,  and  reverberant  acoustic  fields.  Thus,  expressions  for  the  internal  sound  field  in 
terms  of  the  structural  response  to  external  fluctuating  pressure  environments  are  defined.  Finally, 
the  noise  reduction  of  the  untreated  fuselage  structure  is  determined  simply  from  the  ratio  of 
the  power  spectral  densities  of  the  internal  acoustic  field  and  the  external  pressure  fluctuations. 
Adding  this  noise  reduction  to  the  incremental  transmission  loss  of  the  acoustic  treatment  and 
computation  of  the  absorption  due  to  internal  furnishings  yields  the  overall  noise  reduction  of 
the  ocoustically  treated  structure.  Conversion  of  the -power  spectral  density  of  the  external 
pressure  fluctuations  to  an  equivalent  reverberant  held  and  subtraction  of  the  overall  noise 
reduction  leads  directly  to  the  internal  acoustic  field.  The  noise  reduction  of  the  untreated 
fuselage  is  calculated  simply  from  its  transmission  loss  and  the  absorption  of  the  bare  metal  walls 
and  internal  air  volume.  Fuselage-acoustic  treatment  configurations  discussed  in  this  report, 
in  addition  to  the  bare  fuselage,  are;  (1)  bare  fuselage  with  an  inner  structural  wall,  (2)  bare 
fuselage  with  a  single  absorptive  lining,  (3)  a  composite  structure  consisting  of  bare  fuselage, 
acoustical  blankets,  septa,  air  gaps  and  panels,  and  (4)  a  floating  inner  capsule  suspended  within 
and  isolated  from  the  main  fuselage  structure. 

Computer  prograns  have  been  developed  for  the  determination  of  the  applied  fluctuating 
pressures,  sound  transmission  losses,  and  interior  acoustic  fields  occurring  in  the  foregoing 
fuselage-treatment  configurations.  The  frequency  range  for  each  of  the  three  structural  models 
can  be  selected  arbitrarily,  so  as  to  provide  flexibility  in  analyzing  responses  and  transmission 
losses,  and  involves  some  degree  of  overtop . 

Since  the  geometry  of  the  fuselage,  properties  of  the  acoustic  treatments,  and  aircraft  flight 
configuration  are  variable  input  parameters,  these  programs  may  be  used  to  determine  the  signi¬ 
ficant  parameters  affecting  sound  transmission  loss  and  thus  to  optimize  acoustic  treatments 
within  the  scope  of  specific  structural  design  variations.  Of  particular  importance  here  is  the 
ability  to  perform  optimization  studies  with  regard  to  the  weight  of  acoustic  treatment  versus 
overall  noise  reduction. 

In  addition  to  the  computer  programs,  a  number  of  preliminary  design  charts  are  presented  in 
Append x  111  for  determining;  (1)  the  octave-band  sound  pressure  levels  due  to  boundary  layer 
turbulence  and  jet  noise,  (2)  the  incremental  transmission  losses  for  a  number  of  typical 
acoustic  treatments,  (3)  absorption  of  internal  furnishings,  and  (4)  overall  noise  reduction. 

These  charts  provide  a  means  of  carrying  out  simple  pre-design  calculations  prior  to  a  more 
detailed  investigation  using  the  computer  programs. 


SECTION  11 

DESCRIPTION  OF  THE  FUSELAGE  STRUCTURE 

In  this  section  a  brief  description  of  the  structural  design  details  of  a  typical  fuselage 
is  presented.  Since  the  classical  modal  analysis  method  is  adopted  to  treat  a  complex 
coupled  fuselage  -  internal  air  mass  system,it  is  necessary  to  hove  certain  structural 
idealizations,  or  equivalents,  in  order  that  the  entire  frequency  range  of  interest 
can  be  accurately  represented.  Once  the  equivalent  structures  are  defined,  the  free 
vibration  characteristics  are  determined,  namely,  the  mode  shapes,  generalized 
mosses  and  the  resonant  frequencies. 

1 .  EQUIVALENT  STRUCTURAL  MODELS 

A  typical  fuselage  structure  can  be  considered  ideally  as  a  closed -ended  circular 
cylindrical  shell  uniformly  reinforced  by  transverse  ring  frames  and  longitudinal 
stringers.  Further  stiffening  is  provided  by  the  floor  section,  which  runs  the  whole 
length  of  the  fuselage,  and  by  the  in-plane  stresses  introduced  by  any  pressure 
differential  which  exists  across  the  fuselage  wall .  Temperature  stresses  introduced 
by  aerodynamic  heating  are  ignored  in  the  present  study. 

The  character! sties  of  the  vibratory  modes  of  the  fuselage  are  dependent,  of  course, 
on  the  excitation  frequency  and  con  generally  be  considered  to  foil  into  three  groups 
covering  the  low,  high  and  intermediate  frequencies. 

a.  Low  Frequency  Range 

This  frequency  range  is  dominated  by  overall  fuselage  modes,  or  modes  having  axial 
half  wavelengths  significantly  larger  than  the  distance  between  transverse  ring 
frames-  It  will  include  the  fuselage  "breathing"  modes,  where  the  middle  surface 
of  the  shell  stretches,  as  well  as  the  "radial  -  axial”  modes,  where  both  stretching 
and  bending  take  place,  having  circumferential  half  wavelengths  greater  thar.  the 
distance  between  stringers. 

The  equivalent  structural  model  for  this  frequency  range  is  therefore  a  closed  circular 
shell  reinforced  by  uniform,  equi-spaced  ring  frames  and  stringers. 

b.  High  Frequency  Range 

This  frequency  range  is  dominated  by  individual  panel  modes,  the  transverse  ring 
frames  and  longitudinal  stringers  acting  as  node  points.  The  Individual  panel 
motion  is  substantially  uncorrelated  with  its  neighboring  panels;  thus  the  equivalent 
stracturcl  model  for  this  frequency  range  is  assumed  to  be  a  single  panel  simply 
supported  at  the  ring  frame  and  stringer  boundaries.  This  model  is  particularly 
useful  in  determining  the  localized  effects  caused  by  windows  and  hatches  in  foe 
fuselage  walls. 
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c.  intermediate  Frequency  Range 


This  frequency  range  has,  of  course,  the  overall  modes  as  a  lower  bound  and  the 
individual  panel  modes  as  an  upper  bound.  Typically  it  will  be  characterized  by 
axial  half  wavelengths  approaching  the  distance  between  ring  frames  and  circum¬ 
ferential  wavelengths  greater  than  the  distance  between  stringers.  Panel  motion 
for  these  modes  will,  unlilcs  the  high  frequency  region,  be  correlated  over  several 
panel  bays  and  stringer  bending  and  torsion  will  play  a  dominant  role.  Thus  the 

equivalent  structural  model  for  the  intermediate  frequency  region  is  represented  / 

by  a  group  of  panels  with  attached  stringers  and  bounded  by  ring  frames.  Clarkson  '1 

and  Ford  (Referei:ce  9)  hcve  shown  experimentally  that  for  groups  of  panels  the 

ring  frames  act  as  node  points.  The  actual  number  of  panels  considered  in  any 

group  will  be  a  function  of  the  typical  correlation  length  for  the  particular  fluctuating 

pressure  environment.  The  correlation  lengths  associated  with  each  fluctuating 

pressure  environment  considered  in  this  investigation  are  discussed  in  detail  in 

Section  IV. 


d.  Special  Case  of  a  Double-Walled  Fuselage 

It  is  of  interest  to  consider  the  effects  of  an  additional  stiffening  wall ,  placed 
inside  the  fuselage,  on  the  sound  transmission  properties  of  the  total  structure. 
Provided  that  certain  simplifying  assumptions  are  acceptable,  it  is  possible  to 
consider  the  three  structural  models  in  an  approximate  manner. 


Low  Frequency  Model 


It  is  assumed  that  the  effects  of  the  inner  wall ,  shown  diagrammaticaliy  In  Figure 
1,  it  can  be  accounted  fbrby  modifying  themoments  of  inertia  of  thestiffeners 
(i  .e. ,  the  coupling  of  adjacent  panels  formed  between  adjacent  ring  frames  and 
stringers  is  effectively  ignored).  Thus  the  added  structural  wall  has  the  following 
dimensions,  per  stiffener;  thickness  t  ,  length  i  ,  and  width  d,  where  l  and  d 
are  the  ring  frame  and  stringer  pitches,  respectively. 


Consider  first  the  case  where  the  inner  wail  is  absent.  Then  the  relevant  moments 
of  inertia,  about  the  stiffener  shown  in  Figure  1,  are  I  andthepolormoment  J. 
Now,  by  definition;  ^ 


J  =  I  +1 

xx  yy 


(2.1) 
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Consdering  now,  the  addition  of  the  inner  wall,  the  above  relationship  will  be 
modified  to, 

J*  =  T  +  I'  l2-9 

xx  yy 

Thus,  it  is  first  necessary  to  evaluate  1^  and  1^  as  follows: 


I* 


XX 


XX 


+  bt0;2 


(2.3) 


V 

yy 


I 

yy 


+ 


12 


(2.4) 


where  the  symbols  are  as  defined  in  Figure  1  .  Thus  if  follows  that. 


J  + 


tpb3 

~U  +  12 


bt0x2 


(2-5) 


Finally,  the  moments  of  inertia  can  be  re-defined; 


J* 

$ 


J' 

r 


1" 

$ 


V 

r 


Js+K. 


*0rf  .  —2 

12  +  12  +  d,ox 


L 


J  +  K, 


]s  +  K. 


!r  +  K2 


^*0  *0^  ,  _  2 

IF  *  IT  +  *b  * 


dl0  -2 

ir +  dtox 


J 


11  +  *  x2 

12  *To x 


i 


(2.6) 

(2.7) 

(2.8) 


(2-9) 


where  d  and  /  are  the  Stringer  and  ring  frame  pitches,  s  and  r  denote  stringer 
and  ring  frame,  tQ  denotes  the  thickness  of  the  inner  wall,  and  ,  K2  are 
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defined  as; 


tr  s  K  s  t  =  0  for  a  single  fuselage  well 

ISC 

K  =  0  K  =  1  fora  double  wall,  attachment  to  stringers  only 

_  i  K  =  0  fora  double  wall,  attachment  to  ring  frames  only. 

i  "  * '  i 

High  Frequency  Model 

In  this  frequency  range  a  double  panel  model  is  used.  It  is  emphasized  however  that 
this  model  is  used  only  to  define  the  motion  of  the  fuselage  wall  at  high  frequencies 
aid  is  not  used  in  calculating  transmission  loss.  Assuming  that  the  motion  of  the 
double  panel  shown  in  Figure  2  cm  be  considered  os  a  single  unit  (a  relatively  crude 
assumption  though  it  by-passes  tl-e  complex  problem  of  panel-ring  frame  -  air  volume 
coupling),  the  distance  of  the  neutral  axis  from  one  of  the  outer  faces  is  given  by  the 
expression 


h  (h  -  h/2)  +  h  n 

d  = - 2 - 1 -  (2.10) 

°  h  +  h 

I 

where  the  symbols  are  defined  by  the  geometry  of  Figure  2. 

The  in-plane  extensional  stiffness  is  defined  by 

=  E(h  +  h,  )  per  unit  panel  width  and  length  for  (2.11) 

panels  of  the  sane  material . 

Now,  the  resonant  frequencies  of  a  simply -supported  panel  ore  given  by. 


where  p 


mass  per  unit  area 


and  D 


Eh3 

12(1  -  v*) 
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(2.12) 


The  plate  bending  rigidity  con  be  written  in  an  equivalent  form  as. 


where 


D 


I 


in*  per  inch  width. 


(2.13) 


Thus  the  resonant  frequencies  of  the  equivalent  plate  are  determined  from  the 
relation. 


(2.14) 


where  p 


p(h  +  h  )  for  panels  of  the  same  material  and  I  is 
determined  from  Equation  (2.13). 


Intermediate  Frequency  Model 


It  is  assumed  that  the  effects  of  a  double  wall  on  the  characteristics  of  this  model 
can  be  determined  by  modifying  the  properties  of  the  stiffeners  in  the  some  way 
as  was  done  for  the  low  frequency  model . 


e.  Acoustic  Treatment 

Since  infernal  noise  criteria  are  established  largely  from  a  consideration  of  the 
aircraft  type  and  primary  function,  e.g.,  military,  cargo,  or  commercial  transport, 
a  number  of  noise  reduction  methods,  employing  various  acoustic  treatments,  are 
available  to  the  aircraft  designer.  The  acoustic  treatments  considered  in  the  present 
study  are  os  follows: 

(1)  A  single  absorbing  layer  attached  to  the  inside  surface  of  the  bare 
fuselage. 


Y 


Circumferential;  *  ,(x,y)  =  »n  mt x  cos  2tny 

ntn  * 


tfi  (x,y)  =  sin  m*x  in  2*n  y 
mn2 


(2.16) 


(2)  A  composite  layer  consisting  of  the  bare  fuselage  plus  acoustical 
blankets,  septa,  air  gaps  and  panels. 

(3)  A  floating  inner  capsule  suspended  within  the  main  fuselage  structure 
by  springs. 

The  above  three  mm  together  with  the  bare  fuselage  and  the  special  case  of  a  double 
structural  wall  make  a  total  of  five  cases  of  primary  interest.  The  foregoing  acoustic 
treatment  cases  are  dealt  with  more  fully  in  Section  VI . 

MODE  SHAPES  AND  NATURAL  FREQUENCIES 

a.  Circular  Stiffened  Cylinder 

The  geometry  of  a  typical  circular  cylinder  reinforced  by  ring  frames  and  stringers 
is  shown  in  figure  3.  If  the  cylinder  is  assumed  to  be  simply  supported  at  the  ends 
then  the  radial  and  circumferential  components  of  the  mode  shapes  are  given 

by; 


Radial; 


9  j(x,y)  =  an  mix  sin  2vny 

*  (x,  y)  =  sin  mirx  cos  2* ny 

Tmn2 


(2-15) 


where 


=  number  of  elastic  half-waves  along  the  cylinder  axis 

(=  1,  2,  3 . ) 

=  number  of  elastic  foil  waves  around  the  circumference 
s  0  for  breathing  or  extensional  ring  mode 
=  1  for  translational  ring  mode 

-  2,  3,  4, . for  circumferential  bending  modes. 


=  axial  coordinate  0  <  x  <  L^ 
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y  =  circumferential  coordinate  0  <  y  <  L  . 

-  -  y 

X  =  ,  0  <  X  <  1 

X 

y  =  -f-  /  0  </  <  1  * 

y 

-  Axial  length  of  cylinder. 

Ly  =  Circuinferential  length  of  cylinder  =  2i  R  . 

R  =  Radius  to  the  middle  surface  of  the  cylinder. 

A  single  structural  mode  shape  can  be  denoted  by  the  pair  of  functions 

o  .  (x,  y),  A  .(x,  y)  where  {mni)  Is  a  triplet  of  integers  with  i  =  1  or  2. 
mm  '  mn:  J 

Orthogonality  between  two  different  modes  (mni)  and  (rsj)  is  expressed  by  the 
relation; 

/  H  y)  y)  +  ^mn.(x,  y)  ^.(x,  y) ]  <&<$  =  0  (2.17; 

x=0  y- 0 

provided  that  (mni)  ^  (rsj ) . 

The  mode  shapes  defined  by  equations  (2. 15)  and  (2. 16)  dearly  satisfy  this 
orthogonality  condition. 

Bee ouse  of  the  symmetry  of  the  cylinder  cross-section  there  is  no  preferred  location 
for  the  origin  of  the  y-axis  and  thus  the  two  sets  of  orthogonal  ring  modes, 
sin  2*ny  and  cos  2t  ny,  are  required  to  specify  the  complete  response  of  the 
ring  inodes.  For  a  particular  external  loading  erf  the  cylinder,  these  two  sets  of 
ring  inodes  will  combine  so  as  to  produce  a  single  set  where  the  node 
points  of  the  inodes  are  determinable  with  respect  to  the  loading.  For 
example,  a  radial  point  force  acting  on  the  cylinder  will  cause  the  two  sets  of 
ring  inodes  to  combine,  resulting  in  an  anti-node  at  the  point  of  force  application, 
while  a  random  pressure  loading  on  the  cylinder  will  cause  the  node  points  to 
rotate  around  the  cylinder  in  a  random  fashion . 
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For  each  mode  of  vibration  (mnl),  there  is  a  generalized  or  effective  modal  mass 

M  .  which  can  be  defined  by  the  integral; 
mm 


M  .  = 


mss 


.R  y) 


</»  -(*.  y) 

mni 


didy 


=  M.  t  . 
0  c«nm 


(2-18) 


where  MQ  denotes  the  total  mass  of  the  cylinder  and  denotes  the 

generalized  mass  fraction  for  the  (mni)  mode. 

Thus:  Mp  =  pA  (2.19) 


and 


■  -  f  f  U  •(*»  y)  1 2  +  U  -fc  y)  I 

mm  J  J  [  n,nl  I  (  mnl  ) 


x=0  /=•:  [_ 


dxdy 


(2-20) 


Substituting  equations  (2.  IS  and  (2.16)  in  equaticn(2.20)  and  performing  the 
integration  shows  that  |  —  1/2  for  all  modes.  It  follows  from  equations 

(2.18)  and  (2.19)  that  for  the  (mni)  mode; 


jjA_ 

2 


(2.21) 


where  A  is  the  surface  area  of  the  cylinder  and  p  is  the  mass  per  unit  area 
(lb.  sec?  per  in?). 

The  equation  for  the  resonant  frequencies  of  a  ring  frame  and  stringer  stiffened 
cylindrical  shell,  simply  supported  at  each  end  is; 


i 


1  +3A  +  RA  +  1?3a 


1  +  25*  <£s/R)(B2- v)  +  a*  (z s/«)2  (1  +  e2) 

1  +2n2  <£  A)0  -^v)  +  n*(£  A)2(l  +  p2)2 

-  <?  (£A)2  [p*(l  -  v2)  +  2(1  +v)J  +  n4  [l  - 

(£A)2  +  2n2  (1  -v2)(£sA)  +2n2(l  -v2)(£  A) 

2n4(l+v)2  (z/R)(5sA)  +  1  -  v2 

(i  +  p2)2  +  +  v)(5  +  §)  +(i  -v2)  k+itf 


(2 .24  Continued)  ' 

Eh/ 

p  -  p. 

ro  1 

•xttniol  pressure 
internal  pressure. 

Total  masyunit  oroa  of  stiffened  cylinder 
circular  frequency  of  vibration. 

Flexural  rigidity  of  the  isotropic  cylinder  wall 

Et3 

12(1  -  v*) 

cylinder  wall  thickness 
Poisson's  Ratio 
Young's  Modulus 
shear  modulus 

moment  of  inertia  of  stiffener  about  its  centroid. 

torsional  constant  (i.e..  Polar  Moment  of  Inertia)  for  the  stiffener. 

subscripts  referring  to  stiffening  in  the  y  and  x  d'.ections 
respectively 

stringer  spacing,  ring  frame  pacing  (see  Figure  3). 

cross-sectional  areas  of  stringer  and  ring  frame 

<£ stance  from  the  middle  surface  of  the  cylinder  to  the  centroid  of 
the  ring  frame  and  stringer  respectively. 


Note:  The  quantities  5,  and  £_  are  positive  when  the  stiffeners  are 

located  on  the  external  surface  of  the  cylinder  and  negative 
when  the  stiffeners  are  on  the  inner  surface. 


Equation  (2.22)  is  a  ciosed-form  expression  for  determining  the  resonant 
frequencies  of  a  stiffened  cylinder  subjected  to  a  differential  pressure,  thus  allow¬ 
ing  an  investigation  of  fuselage  pressurization  effects  to  be  carried  out.  The 
equation  was  first  derived  by  M-.Elman,  Mickulas  end  Stein  (Reference  10)  with 
the  usual  assumption  that  axial  in-plane  inertia  forces  are  negligible.  It  should 
be  noted  that  while  the  discrete  properties  of  the  stiffeners  are  required  to  solve 
for  natural  frequencies,  their  effects  on  the  modal  behavior  have  been  accounted 
fcr  by  averaging  them  over  the  cylinder  surface. 

b.  Simply  Supported  Panel 

For  a  simply  supported  panel,  the  mode  shape  of  the  (m,n)  mode  can  be 
expressed  as; 


/  \  _  .  m»x  .  ni 

tmn(x,y)-  -srn-j 


(2.25) 


where; 

m  =  number  of  elastic  half-waves  in  the  x  direction 

n  =  number  of  elastic  half-waves  in  the  y  direction 

x  =  longitudinal  coordinate  0  <  x  <  a 

=  lateral  (or  circumferential)  coordinate  0  <  y  <  b 
=  panel  length  and  •  *dth  respectively. 

Orthogonality  between  the  modes  (m,n)  and  (r,s)  is  expressed  by  the  condition; 

/  /  H  kn1*' y)  ‘  *rs(x'  $  1  **  =  0  (2-26) 

x=0  y=0 


y 

a,  b 


provided  that  (m,n)  f  (r,s)  . 

The  mode  shape  defined  by  equation  (2. 25)  clearly  satisfies  the  orthogonality 
condition. 


Corresponding  to  each  mode  of  vibration  (m,n),  the  generalized  effective 

M  is  defined  by  the  integral; 
inn  * 


M 


=  V 


/  /  *mn(x'y>  ** 


(2.27) 


x=0  y=0 


where 

^mn 


=  ^  *mn 

-  f  j  <£■*  <*? 

x-0  y=0 


(2.28) 


=  generalized  moss  fraction  for  the  (m,n)  mode 
and  M,)  =  total  mas  of  the  pone! . 

Substituting  equation  (2.25)  in  (2.28  shows  that  £mn  4  for  ",°d^S 

It  therefor*  follows  from  equation  (2.27)  that  the  generalized  mass  for  the  (m,n) 


k; 


M 


4 


K*. 

4 


(2.29) 


where  A  denotes  the  surface  area  of  the  panel  and  p  denotes  the  moss  per  unit 
area  (lb.  sec?/in3. ) . 

The  resonant  frequencies  of  a  simply  supported  pane!  may  be  computed  from  the 
relation  (Reference  11); 


+  j£l  /Jills— 

“mn  L  a2  b2  If  12p(l  - 


(2.30 


v2) 


where; 

h  =  panel  thickness 

E  =  Young’s  modulus 

v  -  Poisson's  ratio 

p  =  density  of  panel  (lb. /in3.) . 
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For  simply  supported  panels  under  the  combined  action  of  lateral  loads  and  forces 
acting  in  the  middle  plane  it  can  be  shown  from  simple  theory  (Reference  12) 
that  the  frequency  equation  is; 

f  =  4T4  Jn  —  +  N  -si  +  2N  -^-1+  (rl  +  jj!\2  ]  5 

mn  2  j^ph  J  x  c2  y  b7  xy  ab  j  ph  ^  J 


where 


(2.31) 


N  ,  N 
x  y 


direct  forces  in  the  middle  plane/unit  length 
shear  force  in  the  middle  plane 


12(1  -  w2) 


the  bending  rigidity  of  the  panel . 


In  the  absence  of  in-plane  loods,  equation  (2.31)  of  course,  reduces  to 
equation  (2.30) .  This  latter  form  is  particularly  useful  for  studying  the  response 
of  individual  panels  of  a  pressurized  fuselage.  In  this  case,  if  p  denotes  the 
difference  in  pressure  between  the  inside  and  the  outside  of  the  fuselage,  then 
the  longitudinal  lood  per  unit  panel  width  is 


_  PR  2vRh  pR 

~2f,  *  ~27r  =  ~2~ 


(2.325 


and  the  circumferential  load  per  unit  width  is  given  by; 


=  J*  x  It  = 

»*  l 


(2.33) 


where; 


=  mean  fuselage  radius 
=  cylinder  wall  thickness 
=  length. 


diear  force  in  the  middle  plane  is,  of  come,  zero  for  the  case  of  uniform 
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fuse  logs  pressurization.  Substitution  of  (2.32)  and  (2.33)  in  (2.31)  and 
putting  N  -  0  loads  to  the  approximate  panel  resonant  frequencies  occurring 

in  a  pressurized  fuselage. 


c.  Panel  Group 

Theponel  group  consists  of  a  row  of  N  flat  panels  supported  by  N+l  interme 
<fiote  stringers  between  two  ring  frames  as  shown  in  Figure  4.  The  entire  ^ 
panel  row  is  assumed  to  be  simply-supported  at  the  ring  frames,  i  -e .,  x  a 
x  =  i,  and  a  normal  mode  of  vibration  is  given  ay 


y.(y)  wn 


mix 

l 


(2.30 


where  m  is  the  number  of  halfwaves  in  the  x(axiat)  direction.  The  general 
solution  for  y.  can  be  shawm  to  be,  (Reference  13); 


Y;(y)  =  A,  cosh  k,y  +  A2  sinh  k,y  +  A3  cos  k2y  +  A4  sin  (2.35) 


where  A,,  A2,  Aj  and  \  are  unknown  constants 

—  *.  -  {“(tF)'  *  (t)  I 

,  ■  xM^-wr 


and  the  non-tf  mensioncl  local  coordinate  fc  expressed  as. 


(2.36) 


(2.37) 
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5-i  i 

w,ih  y  k  <  y  <  v  u . 

k=l  k^f 

In  th*  above  expressions; 

~  width  of  the  i-th  and  k-th  panels  respectively 
-1  =  pmel  thickness 

P  —  mass  density  of  panel  material 

D  =  bending  rigtfty  =  - Lt _ 

12(1  -v2) 

1  =  panel  dimension  between  ring  frames,  (i.e.f  the  x  direction) 

54  =  'wonant  frequency 

y  =  non -dimensional  coordinate,  0  <  y  <  1 . 

Now,  the  equation  of  motion  for  the  undamped  free  vibration  of  any  pond,  say 
the  i-th,  is  given  by; 


i_  __ ?*!_  +  JL  £w  +  N^i  .. 

Sx4  b?  3*z3y2  b4,  3y4  Di  W  ’ 


(2.38) 


where  the  dots  refer  to  differentiation  with  respect  to  time. 

Si«e  the  two  edges,  *=0andx=|ore  simply  supported,  a  solution  to  equation 

w(x,y;t)  =  Y.(y)  sin  ■  *K  -  e***  •  ^2  39) 

1 

By  differentioHng  equoKon  (2.35)  with  respect  to  y,  the  derivatives  can  be 
written  in  matrix  form  as; 
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I 


i 


5 

i 

i 

t 

■if 

£ 


*i 

.  * 
? 


■ 


Y 
Y' 
Y* 

Y 


sinh  kjy 


fc«h  k  y  *•" 

1  let  sinh  kj  k.co«hk,y 

«  =  k?  cosh  k^y  kf*inhk,y 

lj  y 


«*k2?  _ 
-kj  sin  k2y 


J_ 

y 


sinh  k,y  l^cosh^y 


-k|  cos  k  y 
kfsink*? 


or,  in  matrix  notation. 


H  -  bH 


Since, 


gw 

3y 


M 


-  0 


and 


sinkjy 

>k**»n  k2y 
-  k^  cos  k2y 


a! 

4, 

.A<. 

(2.40) 


[£*. 

[ayz  3x2  J 

.  D[i^-.  (2— >^f — I 

I  df  dx2Sy  J 


(2.41) 


The  vector  Y  may  be  trors fetid  into  the  state  vector  Z  with  comports 
lZh  b5  Q 


Sb2M  b1  U  ) 

8/  -2 - #  - L  where  b#  «  e  reference  pond  width  ond 

®  ^  .  e  m  F _ »*5\  ■«-  t 


d„  i. .  *.«  «»»r- 


D_  iso  reference  ngimry.  - »  ' " _  ' 

£  a  chain  of  panels  the  state  vectors  at  the  extreme  ends  or  the  row  ore  rotated 

by  a  total  transhsr  matrix  T,  as  follows. 


f. 


tZl 


(2.42) 


where  the  subscripts  0  and  n  den*. 

superscripts  R  and  L  denote  positions  immediately  to  the  npht  and  left  or  a 
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particular  stringer  *  If  both  ends  of  the  row  of  panels  are  free  then  equation  (2.43 
may  be  written  as. 


where, 

H  ■ 


*11  *12  *13  *14 

*21  *22  *23  *24 

t31  t32  *33  tj* 

*41  *42  *43  *44 


(2.43) 


(2.44) 


-  M  p.:?s 


10  0  0 


-k-eO  1 


(2.45) 


and  the  matrix  M  ?s  given  by, 

J"  C0+B2nC_2,  pS  j+pPlS  ^,  -§rC-2'  -fr  S- 


T-+  Pnsi,  ,  c0+  ,  4-K,  '  4 


L  j  «  c  +  a 


•p-c2  +«p*n|C_2,  l-s.+op^-ns^)  q-p?nC_2' ps'^-eM. 


-«e?n|5^. 


-^+f(nSl,-|SI)  .^L+a^c.2,  --SfS^,  c;-p*|C_2 

-  aPn£sl, 

(2.46) 
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[ 

i 

i 

i 


cosh  kj  - 

k*  cosh  k 
2  1 

kj  cosh  kj 

k2.  k2  C 

t  2  -Z 


t—  smh  k, 
kl  1 


cos  k2 

+  k*  cos  k2 

+  k?  cos  k 
2  2 


k 


2 
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H 


i 

i 


s-,= 

4 

kt 

sinh  kj 

k2 

+  kT  rink2 

S'  = 
-1 

k! 

sinh  k| 

+  sin  k2 

S,  * 

k2 

Kt 

k 2  s 

2  -3 

5;  - 

k3 

1 

sinh  k( 

-  14  sin  k2 

5,  -  <4  sl, 


C  - 

ws 


I  = 
s 


A  = 

C  = 


Cw  +  ,  the  warping  constant  of  the  stringer  cross-section 

*■  w»*  respect  to  S  os  the  center  of  twist. 

Ic  +  A2  +  A(cz  ~  Sz)2,  the  polar  moment  of  inertia  of  the 

stringer  cross -section  with  respect 
to  S.  (See  Figure  5.) 


cross-sectional  area  of  the  stringer. 

Soint  Venont  constant  of  uniform  torsion  for  the  stringer  cross- 
section 


G  = 


I 


C 

z 


C 


w 


stringer  shear  modulus  -  E  /2(I  +  v) 

moments  of  inertia  of  stringer  cross-section  about  its  centroidol 
axes 

distances  from  the  centroidol  axes  to  the  shear  canter  O  (see 
Rgwre  5). 

dishxice  from  skin  surface  to  shear  center 

polar  moment  of  inertia  of  the  stringer  cross-section  about  its 
centroid 


warping  constant  of  Hie  stringer  crou-^eciion  with  rapect  to  its 
centroid. 


Returning  to  onions  (2.43)  and  (2.45);  it  is  possible  to  extract  the  following 
relationship. 
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provided  that  the  determinant  of 


(2.47) 


(2.48) 


Equation  (2.4$)  is  thus  the  frequency  equation,  the  solution  of  which  gives  the 
values  of  the  natural  frequencies.  By  use  of  equations  (2.44)  and  (2.46)  it 
can  be  shown  that  the  coefficients  of  equation  (2. 48)  evaluate  as; 


*31  " 


*32  = 


(  2 

jc0+P  nC_ 


-  aP*lSs_ 


•! 

{ V 

H 

P2 


til 


i 

-k[Co+^C-2J-  e|j'  +  PnS-,J  +  J"^  +f^Sl,-*S«> 

«Pn£sl 


*4*  =  jco  +  p2£C 


H 


aC2  ; 
21  l~^+0l^\\ 


Equations  (2.49) 

Hcving  obtained  a  value  for  the  natural  frequency,  then  by  use  of  equation  (2.47), 
it  follows  that 
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(2.50) 


bn9"  = 
o  o 


31  L 
— —  w 

*32  0 


Allowing  unit  deflection  of  the  left  herd  end  of  the  panel  row,  the  vector  2^ 

in  equation  (2.4$  becomes  equal  to  j  1,  -  0  ,  o|  and  pre¬ 

multiplying  this  vector  by  the  appropriate  transfer  matrix  leads  to  the  vector  2?  , 
again  in  terms  of  unit  deflection  at  the  left  hand  end  of  the  panel  row.  Trans-  ' 

lotion  of  the  vector  2.,  by  use  of  equations  (2.41)  leads  to  the  vector 

A| ,  A 2,  Aj ,  ,  the  elements  of  which  ore  the  coefficients  of  cosh  k( y  , 

sinh  k,y,  cosk;y  and  sin  k2  y,  respectively,  in  the  expression  for  the  normal 
mode  over  the  i-th  span,  i.e.,  equations  (2.35)  end  (2.39).  Consequently, 
the  normal  mode  can  he  calculated  at  any  point  on  the  panel  group. 
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UST  OF  SYMBOLS 

UST  OF  SYMBOLS  USED  JN  SECTION  II 


! 

i 

r 

j 

i 


j 


o 

b 


k2 


f 


m 


n 


P  =  P0-P| 


A 

Al,2,M 

C 

c 


ws 


panel  length 
panel  width 

distance  between  stringers 

distance  how  extreme  fiber  surface  to  neutral  axis 

natural  frequency  of  the  (m,  n)-mode 

cylinder  wall  or  panel  thickness 

double  panel  thickness 

constants  given  by  Equation  (2 .36) 

distance  between  ring  frames 

number  of  elastic  axial  half  waves 

number  of  elastic  fall  waves  around  the  circumference  or  half  waves 
along  the  panel  width 

the  pressure  difference  across  the  foseloge  woll 
subscripts  denoting  ring  frame  and  stringer  respectively 
inner  wall  thickness 
panel  displacement 
axial  coordinate 

circumferential,  or  lateral,  coordinate 
nondimensional  axial  coordinate 

rondimensional  circumferential,  or  lateral ,  coordinate 
radial  coordinate 

constant  defined  by  Equation  (2.24) 

distance  from  middle  surface  of  cylinder  to  centroid  of  the  ring  frame  and 
stringer  respectively 
surface  area 
constants 

Saint  Venant  constant  of  uniform  torsion  for  the  stringer  cross-section 
warping  constant  af  the  stringertcrass-secrion  with  reject  to  S  as  the 
center  of  twist 
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</»l  H 


C  ,  C 

y  * 

D 

E 

G 

V’r 
I  ,  I 

*x'  yy 

J 

K,,K 


L  ,  l 
x  y 

M 

Mo 


distances  from  centroidal  aces  to  the  shear  center  0  (see  Figure  5). 

flexural  rigidity 

Young's  modulus  of  elasticity 

modulus  of  rigidity 

moment  of  inertia  of  stiffeners  about  centroid 
moment  of  inertia  about  x  and  y  axes 

polar  moment  of  inertia 

constants  having  numerical  values  of  0  or  1 

extensional  stiffness  of  double  panel 

length  in  the  x  and  y  directions 

bending  moment 
total  mass 


M  ,  M  . 
mn  mm 

M 


N 

y 


R 


T 

Yj(y) 


z 


generalized  mass  of  the  (m n)  and  (mn  i)  modes 

total  mass  per  unit  area  of  stiffened  cylinder 
direct  forces  in  the  middle  plane  per  unit  length 

shear  force  in  the  middle  plane 

shear  force  resultant 
shell  mean  radius 

* 

shell  constant  defined  by  Equation  (2.24) 
shell  constant  defined  by  Equation  (2.24) 
transfer  matrix  for  the  panel  group 

component  of  the  panel  group  mode  shape  in  the  circumferential 
direction 

state  vector  for  the  panel  group 
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XOI  T»  *1 


a 


panel  group  constant  (Equation  2.46) 
shell  constant  defined  by  Equation  (2 -24-) 
panel  group  constant  (Equation  2.46) 
shell  constant  defined  by  Equation  (2.24) 
slope 

mass  per  unit  area 
Poisson's  ratio 

generalized  mass  fractions  for  the  (mn)  and  (mni)-modes  respectively 
density 

radial  component  of  the  shell  mode  shape 
panel  mode  shape  for  the  (m  n)-mode 
circumferential  component  of  the  shell  mode  shape 
circular  frequency 

resonant  frequency  of  the  (m  n)-mode 

shell  constants  defined  by  Equations  (2.23) 
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SECTION  II! 

STRUCTURAL-ACOUSTIC  COUPLING  OF  THE  FUSELAGE  AND  THE  CABIN  VOLUME 

1 .  COUPLING  OF  THE  OVERALL  OR  LOW  FREQUENCY  MODES 

Consider  the  equivalent  structural  model  for  the  low  frequency  region,  i.e.,  a 
stiffened  cylinder  of  length  L^  and  mean  radius  R,  simply  supported. at  the  ends. 

Let  w(x,y,t)  denote  the  radially  outward  displacement  of  the  shell  and  let 

denote  the  normalized  (to  unity)  component  deflection  shape  of  the  (m,n) 
mode  of  the  shell.  Then  if  q^t)  denotes  the  time  variation  of  the  radial 
displacement  in  the  (m,n)  mode; 


00 

=2  *mn<X'y>  %m(t}  (3.1) 

111=1 
n=0 

where  m  denotes  the  number  of  axial  halfwaves  and  n  denotes  the  number  of  full 
circumferential  waves.  The  mode  shape,  defined  previously  in  Section  11 -2a  is; 


or. 


$mn(x/y)  —  sin  mux(sin  2rrny  +  cos  2wny) 

♦mn(*/y)  =  sin  -^~-(sin  n$  +  Cos  n$) 
x 


(3.3 


where  9  -  y/R,  and  the  character  of  the  first  few  modes  are  shown  graphically 
in  Figure  6. 

The  modes  for  which  n  =  1  correspond  to  beam  like  bending  of  the  shell  in  which 
the  circular  cross-section  translates  without  distortion.  Since  these  modes  intro¬ 
duce  essentially  no  sound  waves  within  the  cavity  of  the  cylinder,  they  can  usually 
be  neglected. 

a.  The  Internal  Acoustic  F>eld 

The  internal  acoustic  field  is  defined  by  the  wave  equation  ; 


1 

I 

j 

! 


1 
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(3.4) 


where  V* 


+  l±  +  1.JL  +  JL 

3r2  r  3r  r2  3*2  3x2 


and  e  =  dilatation 

u  —  steady  state  frequency  of  the  acoustic  field 

K  =  —  -  acoustic  wave  number 

c 

c  -  speed  of  sound  in  the  medium. 

The  acoustic  pressure  p,  and  the  particle  displacement  components  in  the  radial 
tangential  and  axial  directions  can  be  expressed  in  terms  of  the  dilatation  as 
follows; 


P 

w 


V 


u 


1  3e 
K2  3r 
1  jie 
K2  r  ** 
1  3e_ 

K2  3x 


(3.5) 


where  pe  is  the  ambient  density  of  the  medium . 

The  general  form  of  the  solution  to  the  wave  equation, determined  by  the  method  of 
separation  of  variables,  can  be  shown  to  be; 

e  =  [  A  J n(f)  +  aYn(  r )]  [cos  n<p  +  bsin  n*]  [sin  f x  +  d  cos  *x]  e**  (3.6) 

where  A,a,b,d,f,  are  constants  of  integration. 

j  (f)  =  n-th  order  Bessel  function  of  the  first  kind, 

n 

v  if)  =  n-th  order  Bessel  function  of  the  second  kind, 

n 

n  =  0, 1,2,3, . 


\ 
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The  primitive  solution,  equation  3.6,  will  satisfy  only  certain  ideal  boundary 

conditions  imposed  on  tne  acoustic  field.  One  such  condition  is  that  ttie 

ends  of  the  cylinder  are  open,  and  if  this  is  assumed  to  be  the  case  then  the 

analysis  is  simplified  considerably,  since  the  acoustic  pressures  at  x  =  0  and 

x  =  L  will  be  zero, 
x 

The  case  of  a  closed-closed  cylinder  is  treated  in  Appendix  I,  where  it  is  seen 
that  an  exact  result  is  considerably  more  complicated  than  the  open-open  case. 

It  is  shown  that  in  general  the  (m,n)  structural  modes  of  the  closed  cylinder 
couple  with  all  of  the  acoustic  modes,  whereas,  as  shown  here,  the  (m,n) 
structural  modes  of  the  open  cylinder  couple  only  with  the  corresponding  (m,ri) 
acoustic  modes.  For  purposes  of  noise  reduction  calculations  the  open  cylinder 
equations  derived  here  are  used  because  of  their  relative  simplicity.  In  practice, 
no  doubt,  the  end  conditions  will  lie  somewhere  between  the  two  extremes  of 
open  and  closed. 

From  the  first  ef  equations  (3.5),  we  can  conclude  that  the  dilatation  must  be 
zero  for  x  =  0  and  x  =  L^.  For  zero  dilatation, compatibility  with  equation 

(3.6)  yields  ♦  =  ~  and  d  =  0. 

X 

Now  the  radial  component  of  the  particle  deflection  must  be  equal  to  the  radial 
deflection  of  the  cylinder  at  r  =  R.  Since  the  radio!  deflection  of  the  cylinder 
has  both  a  sin  n  $  and  cos  n  $  variation  with  and  the  particle  deflection 
(from  3.6)  is  proportional  to  (cos  n  f  +  b  sin  n  <p),  then  it  follows  that  the  con¬ 
stant  b  must  be  equal  to  unity. 

The  Bessel  functions  Y  (")  tend  to  infinity  at  r  =  0;  and  since  this  is  a 
physically  meaningless  condition,  then  it  follows  that  the  constant,  a,  must  be 
equal  to  zero.  Thus,  the  resulting  dilatation  component  of  the  acoustic 
field  can  be  written  in  the  following  manner;  substituting  the  values  of  the  con¬ 
stants  In  (3.6)  yields, 

e  =  A  £cosn$  +  sin  n  $  j  sin  e*^  (3.® 

Now,  from  equation  (3.5), 
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(3.9) 


l  Be.  _  zl  .  J-  .  -2s. 

w  =  ■  k2  3r  K  K  Sr 

differentiating  (3.7)  with  respect  to  r  and  re-arranging  gives; 


Substituting  (3.10)  Into  (3-9) 


Equating  (3.1)  and  (3.11)  for  compatibility  of  radial  deflection  at 
conceiting  through. 


where  i  *  (1?) 
n 


_d 

dr 


r=R 


or  the  constant.  A,  con  be  defined  by; 


A 


-q  W 

mn 


Also,  by  definition. 


± 

K 


u 

my  _  mns  _  _ W 

KL  ”  uL  « 

x  x 


(3.10) 

<3. 11) 

r  =  R,  and 

(3.13 

(3.  13) 

(3.1-0 
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where 


-j— —  ,  the  m-tti  resonant  frequency  of  open-open 
x  axial  modes. 


It  should  be  noted  that  when  u  >u,  both  the  radical  and  the  argument  of  the 

(It 

Bessel  Function  appearing  in  equations  (3. 12J  and  (3.13)  become  imaginary . 
for  this  condition  the  constant  A  is  replaced  by  A'  and  the  Bessel  Function  by 
definition  becomes  a  modified  Bessel  Function  of  order  n. 

Thus  when  u  >u,  J  (t)  end  J’  (R)  are  replaced  by  I  (t)  =  J  (ir)  and 
m  n  n  n  n 

1'  (T?)  =  |  |  (r)/  reflectively,  and  the  constant  given  by  equation  (3.13) 

"  ^  i  n  )r=R 

is  re-defined, 

a  q  (0  K 

A  =  _ Mmnv  ' _ 

-l]5  v 

i  n  /  I  n  a. 

Substituting  for  <J>/K  inequation  (3.13); 


qm  Jt)  k 
mn 


(3.15) 


[-Off 


J1  (R)  eItrf 
n 


Having  satisfied  the  boundary  conditions  for  vibrations  of  the  shell  in  the  (m-n) 
mode  at  fi  equency  u  ,  the  dilatation  e,  acoustic  pressure  distribution,  p,  and 
component  deflections  of  the  field  con  be  defined  by  use  of  equations  (3.5),  (3-f 
and  (3.15)  as  follows; 


<)>«*>  0 


-q  (t)  K 

J  (F) 

mn 

n 

1  /  u  \ 

J  (R) 

\  w  / 

n 

P„  Jr,  ♦»*=*) 

tnn 


%,nW  Po“C 


W) 


..  v  .  mux 
- (cos  n$  +  ssn  n$)  sin  — j- 

|  J'(R)  * 

n 


(3.17) 


w  (r,  *,x;t) 
mn 


J'(r) 


-  «W»  — 


(3.18) 


v  (r,t,x;0 
mn 


n  n  -  .  \  -  m* 

=  q  (t)  *  -=r  ’  T77PT  v**  r'*  ~  S1,i  n<f)  s,r‘T~ 

mri  r  J  W  * 


(3.190 


J  (F) 

.  /  \  m*  n 

«  ‘  qmnt  <L  ‘ 


(cos  n*  +  sinnn»)  m7t*- 


/«  f 


(3.20) 


Inspection  of  equations  (3.16)  -(3.20)  shows  that  another  set  of  system  resonances 
can  occur,  defined  by  the  equation; 


J‘(R) 

n 


(3.21) 


At  these  frequencies,  emn,  Pmn,  w,  v,  and  u  become  infinitely  large  when 

q  (t)  is  non-zero.  The  only  exception  is  the  radial  particle  deflection  at  the 

Mmn 

shell  wall  where  r  =  R-  For  this  case, 

w  =  a  (t)  sin  -y55-  (sin  n*  +  cos  n  4); 

mn  *r>n  Lx 

however,  when  r<R  the  w^'s  are  unbounded.  For  each  integer  n  there 
are  an  infinite  number  of  roots,  R^,  to  equation  (3.21),  where  s  =0,1, 2,3,- 
For  eoch  root  £  there  will  be  on  infinite  set  of  resonant  frequencies  «mns 
corresponding  tTm  =  1,2,3,—  An  equation  for  the  complete  set  of  "system" 
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resonances  con  be  derived  from  equation  (3.7)  by  replacing  r  by  R  and  noting 
from  (3.14)  that 


K  u 

However,  the  system  resonant  frequency,  previously  defined  by  u  (acoustic 
fieUO  or  u^shel!  resonance),  because  of  equation  (3.21)  is  now  denoted 

u  ,  so  that; 
mns 

0  “ 

t  _  m 

K  (i> 

mns 


(3.2? 


Substituting  (3.225  in  (3.75  and  putting  r  =  R,  r  =  R, 


'•feHM-fejT 


(3.23J 


Squaring  equation  (3.23)  and  solving  for  u  ; 

mns 


(3.24) 

where  are  the  R's  which  satisfy  equation  (3.21).  Numerical  values  of 

If 

—  are  listed  in  Morse  (Reference  14)  and  several  of  these  values  are  listed  In 

Table  1.  Notice  from  (3.24)  that  u  >  u  .  Furthermore,  note  that  the  root 
_  mns  m 

Roo  ”  0  is  associated  with  purely  axial  resonant  frequencies,  u  . 

m 

Typical  circumferential  and  radial  acoustic  wave  patterns  are  shown  in  Figure  7 
clong  with  the  corresponding  structural  wave  patterns.  A  structural  mode  having 
n  elastic  wavelengths  around  the  circumference  can  only  excite  those  ccoustic 
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modes  which  have  n  circumferential  wavelengths.  Similarly,  the  m-th  order 
shell  mode  can  excite  only  m-th  order  acoustic  waves. 

Thus,  in  general,  the  (mn)  shell  mode  can  excite  only  the  (sin)  acoustic  mode, 
regardless  of  the  excitation  frequency.  However,  the  exciting  frequency  will 

determine  the  degree  to  which  the  s-th  order  radial  mode  is  excited.  At  any 
given  (mn)-mode  frequency,  all  corresponding  radial  modes  (s- 0,1, A-*/  > 

will  be  excited;  however,  the  amplitude  of  the  response  of  a  particular  (mns)  mode 
will  depend  on  how  closely  the  excitation  frequency  u  matches  the  resonant 
frequency,  «mns- 

Now  that  the  (uncoupled)  resonant  frequencies  and  mode  shapes  of  both  the 
Structure  and  the  internal  acoustic  field  are  known,  it  is  possible  to  dynom.cally 
couple  the  acoustic  field  and  the  structure  and  to  obtain  c  set  of  (coupled)  system 
resonances  and  mode  shapes. 

b.  The  Response  of  the  Dynamically  Coupled  System 

Treating  each  (mn)  mode  of  the  structure  as  a  single  degree  of  freedom  system, 
the  equation  of  motion  for  the  (mn)  mode  is; 


M  5  (t)  +  u2  M  q  (t) 

rwTmn  mn  mn  mn 


F  (t) 

mn 


(3.25) 


where  M 


=  generalized  mass  of  the  (mn)  shell  mode 


[  f 


dxdy  =  ~y~~ 


=  total  mass  of  the  shell 


=  mass/unit  are'.' 


F  (t) 

mn 


generalized  force  for  the  (mn)  mode,  due  to  in  ter  net- 
reaction  pressitf^s  on  the  shell. 


=  A 


ff  v 

X=0  y=  0 


,x,y;t)<f>  (x,y)dxdy 


(3.26) 


f  P  (R,x,y;t)  =  Acoustic  reaction  pressure  at  a  point  on  the  shell  wall 
mn  '  for  the  (mn)  acoustic  mode. 


External  pressures  acting  on  the  shell  have  been  neglected  so  that  the  system 
vibrates  freely.  Assuming  that  such  a  free  vibration  is  periodic  at  frequency  Q, 
then  equations  (3.25)  and  (3.26)  can  be  combined  and  solved  for  the  amplitude 

VnW; 


9 


ran 


(») 


M  («z  - 

mn  mn 


22) 


(3.27) 


Now,  the  amplitude  of  the  acoustic  pressure,  P  (R,2,y,-t) ,  can  be  determined  from 

inn 

equation  (3.17)  by  substituting  i)  for  u  at  r  =  R; 


P(R,x,9.-t) 

nm 


=  + 


qrantt 

mn 


PoQc 


iW 


J  (R) 

n 

rW 

n 


sin  mux 


*  (cos  2irny  +  sin  2vny)  (3.28) 


Also,  from  equation  (3. 24)  we  note  that; 

0  -  V,+(™)’  (ir)2  '  <3-») 

Notice  that  when  IT  =  R  ;  then  Q  =  u  ,  which  is  a  "hard  wall"  acoustic 
ns  mns 

resonant  frequency.  Substituting  equation  (3.28)  in  (3.27),  performing  the 
integration,  cancelling  q|nn(t)  from  the  expression  and  re-arranging,  we  obtain; 

Q  J  (R) 

- 2 —  *  0  (3.30) 

a2 
mn 


He/IHW 


J*(R) 

n 


poc 


The  above  equation  is  the  expression  for  the  coupled  resonant  frequencies  of  the 
system.  Notice  that  if  the  second  term  of  (3.30)  were  omitted,  the  resonant 
frequencies  would  consist  of  the  shell  resonances,  the  axial  acoustic  resonances. 


and  the  radial  acoustic  resonances.  Also  note  that  there  wi  II  exist  o  set  of 
coupled  resonant  frequencies,  3  ,  for  each  pair  of  integers  (m,n). 


The  magnitudes  of  the  various  acoustic  field  parameters,  such  as  dilatation,  pressure 

and  particle  velocity,  at  the  system  resonant  frequencies  con  be  obtained  by 

setting  «  =  3  in  equations  (3.16)  -  (3.20).  It  should  be  noticed  that 

these  magntiudes  are  proportional  to  the  structural  deflection  amplitude,  q  (t), 

mn 

at  the  system  resonance.  For  example,  the  pressure  P_  at  resonance  (u  =  £2  ) 

,  _  mn  mns 

can  be  written: 


P 

mn 


(R,x,y;  t) 


q  W 

mn 


J  (R) 

'  TW 

n 


sin  mux  (sin  2uny  + 


cos  2irnj) 


Now,  from  equation  (3.30); 


By  combining  the  above  two  equations; 


p  (R,x,  y , t} 

mn 


=  q  (t)  yuz 
nmn  r  mn 


'  mn  f 


sin  mux  (sin  2irny  + 
cos2irn$  (3.32) 


c.  Total  Response  of  the  Coupled  System  to  External  Fluctuating  Pressure  Fields 

The  total  response  to  an  external  fluctuating  pressure  field  is  equal  to  the  sum  of 
the  responses  of  the  individual  modes  to  the  pressure  field.  Treating  each  system 
mode  independently,  the  equation  of  motion  for  the  (mns)  mode  is; 


^mns(t)  +  Q 


mns 


mns 


q  (t)  +  a2 
^mns  mns 


q  (t) 
wns 


F  (t) 

mns 


M 

mns 


'3. 33) 
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where: 


q  (») 

™n* 


mns 


M 


mns 


=  generalized  shell  deflection  for  the  (mns)  mode 

=  effective  dynamic  magnification  factor  for  the  (mns)  mode 

=  generalized  mass  for  the  {mns)  mode 

M  .  . 

=  o  +  M<°> 

2  mns 


M 


(a) 


Fmns(t) 


generalized  acoustic  mass  for  the  (mns)  mode 
generalized  force  for  the  (mns)  mode  at  time  t 
.1  ,1 


=  A 


,•*)  6 _ (*/ y)  dxdy 


x=0  y=  6 


(3.34 


P  (x,y,t)=  external  pressure  on  the  shell  at  the  point  (x,y) . 

The  generalized  acoustic  mass  can  be  computed  as  fol  lows;  the  system  generalized 

stiffness  K  and  generalized  mass  M  are  related  by  the  equation: 
mns  mns 


Qz  M 
mns  mns 


(3.35) 


_  a2  F— +  M(a)  1 

mns  L  ^  mns  J 


K(s)  +  K(a) 


mn 


mns 


(3.36) 


where  K 


{*) 

mn 


-  generalized  stiffness  of  the  (mn)  shell  moae 


M 


=  u 


mn 


(3.37) 


and  K 


(a) 


=  generalized  stiffness  of  the  (mns)  acoustic  mode 
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PoC 


.R  f  2ir 


f  f  f  e2  (r,$,x)  rdrd^dx  (3.38(1 
I  j  J  mns 


Bins  r=0  $=0  x=0 


Note:  The  generalized  stiffness  is  defined  as  K^,  the  stiffness  of  a  linear  spring 

which  when  displaced  by  an  amount  q  From  an  unrestrained  position  has 
the  same  potential  energy  stored  as  the  actual  system  when  displaced  by 
an  amount  q^(x),  where  is  the  mode  shape.  The  potential  energy 

stored  is  equal  to  One-half  the  force  times  the  deflection. 


Now  for  the  coupled  system,  the  work  done  per  unit  volume,  Uf  is  equal  to  one- 
hclf  the  stresses  times  the  strains,  so  that; 


U  =  U^dxdydz 


—  ~2~  J  (pressure)  -(volumetric  strain)  dV 
volume 


-+/ 


2~2  dV 


pee 
o  mns 


volume 


Equating  the  potential  energy  stored; 


K  q2  -  f  p  c2e2  dV 

rMmns  J  °  mns 

volume 

which  leads  to  equation  (3.3® . 

Notice  that  e  (r,*,x)  is  the  dilatation  associated  with  the  (mns)  system  mode, 
mns  , 

obtainable  from  equation  (3.16)  by  setting  u  equal  to  and  equal 

to  q  .  Equation  (3.38)  may  be  re-written  as; 
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Substituting  (3.16)  in  (3.38),  the  generalized  stiffness  of  the  (mns)  acoustic 
mode  becomes; 


-R  ,L- 

K«  -  pc 2  r  r  f x  _ 

Kz 

mns  Po  J  J  J 

r=  0  <^=o  x=0 

'  mns  * 

(  Jn® 

(cos  n<£  +  sinn^i)*  . 


.  2  mirx  ,  .  ,  .  . 

sin  — j- (r  .  dr  .  df  .  dx). 


(3.40) 


Now,  from  (3.^  and  (3.14); 


dr 

dr 


=  K 


{h-'j 

'  mns/ 


Thus,  rdr 


r  dr 


-(H 

'  mns  f 


—  ,  so  that  equation  (3.40)  reduces  to; 


M  _ 


•  (1  +  sin  2n$)  •  sin 


,  2  mux 


.  Fdrd*  dx 


(3.41) 


,(«) 

mns 


2  r  2w  -  R  r  L 


■f-S  I  ! 

mns  y=  o  r=Q  x=o 


ei„(y«r*x)  dydrdx 
mns 


(3.39) 


Finally,  we  have  that, 
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-  V,***  •  •’n+.rc] 


mns 

2  (j  •  (S)  ) 1  I 

[  /  “*n  \2  V 

w — ) 

r  J 1 

[  Kns’  1 

Thus  the  generalized  acoustic  mass  can  be  obtained  from  equations  (3.29)  and 
(3.36).  The  arc  lysis  presented  so  far  has  demonstrated  that  the  internal  acoustic 
field  can  be  combined  with  the  structure  to  produce  a  system  whose  modal  response 
equations  are  identical  to  those  of  a  single  degree  of  freedom  system  Thus  the 
response  of  an  acoustic  -  structural  system  follows  the  same  analytical  procedure 
as  the  response  of  a  purely  structural  system.  The  only  additional  detuned  com¬ 
putations  which  must  be  made  are  determination  of  coupled  system  resonances 
and  the  generalized  mass  and  stiffness  of  the  acoustic  field. 


d.  Computation  of  the  Internal  Acoustic  Field  from  the  Structural  Response 

The  acoustic  pressure  distribution  within  the  cylindrical  shell  can  be  expressed 
by  the  equation; 


(3.43) 


and  *  (x,9)  is  the  normalized  mode  shape  of  the  (mn)  structural  mode. 

*mn 

Substituting  the  shell  displacement,  w£,y,t;tt)  for  the  term  q^t) 

inequation  (3.43)  leads  to; 


i 
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Consider  now,  the  mean-square  values  of  the  above  quantities,  i.e.. 


PMr ,x,  y;«)  =  w*  (>c. 


_  p  u  c 


'  k»T 


(3.4 5} 


The  excitation  pressures  acting  on  the  exterior  of  the  fuselage  are,  in  general, 
random  with  respect  to  time  and  ore  thus  most  conveniently  expressed  in  terms  of 
spectral  densities.  Consequently  it  is  also  convenient  to  express  the  structural 
displacement  response  and  internal  pressure  response  in  terms  of  the  spec  ral 
densities  S  (x,y;u)  and  S  (r,x,y;u)  respectively. 


T  1  f  "I  P0W<=  J  (r) 

p  r,x,y;u  =  x,y;u  •  - - - -  — - 

4  Ij-on  j;(5> 


Space-averaging  over  the  internal  cylindrical  volume; 


V {u)  =  S, 


V 

p  uc 

(«)  •  - 


W  f 


2\  * 


fR 

I J" 


(3 .46) 


(r)  -  rar 


(3.47) 


Now,  the  space-averaged  dispiacame.it  power  spectral  density  of  the  response  to 
external  pressure  fluctuations  for  the  coupled  modes  can  be  shown  to  be  given  by 


(see  Section  V)  the  relation; 


$>> 

sp(u) 


mns  mns  mns 


(3.48) 


where  S  (o)  is  the  power  spectral  density  of  the  external  pressure  fluctuations. 
P 

Dividing  both  sides  oF  equation  (3.47)  by  Sp(u)  and  evaluating  the  Integra i 
leads  to  the  equation; 


S>) 

pi 

rs  m  1 

w  ,  ^2 

OCX  (p«wc) 

spW  o 

1  ^  J 

|JZ(R)-J  (R)  ■  j 

L  n  n-j  n+t 

<R) 

L 

spW 

L, 

m=i 

(3.49) 

n=o 


Thus  the  ratio  of  the  internal  acoustic  field  to  the  external  fluctuating  pressure 
field  is  obtained  directly  by  substituting  the  numerical  results  obtained  from 
Equation  (3.48)  into  Equation  (3.49) 

For  the  ««  where  u  >w,  it  con  be  shown  thor  Equation  (3.49)  is  modified  to. 


r>=o 


Equation  (3.49)  represents  the  space  averaged  noise  reduction  coefficient  of  a 
cylindrical  shell  in  the  absence  of  acoustical  damping.  It  may  be  observed  that 
the  summation  term  on  the  right-hand  side  of  the  equation  expresses  the  modifi¬ 
cation  to  the  acoustic  input  impedance  of  semi-infinite  space,  o  c  ,  due  to  the 
enclosed  cylindrical  volume. 

The  denominator  under  the  summation  sign  in  (3.49)  may  be  considered  as  an 
acoustic  dynamic  magnification  factor  and  zeros  of  this  term  represent  resonances 
of  the  acoustic  system.  In  order  to  introduce  the  effect  of  acoustic  damping  into  the 
system,  it  is  convenient  to  consider  an  acoustic  “Q"  denoted  by  Qac  aid  expand 
the  denominator  in  the  form  of  an  infinite  series  in  the  neighborhood  of  a  zero . 

It  can  be  shown  (Reference  14)  that 
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«  'S0",00f  Jn  an^  n«glecting  higher  order  terns,  tfiei 

r  A  «  (5-R^J..  dj 

ond  for  smal  |  values  of  (R  -  R  ) 


ns 


Thus,  using  the  above 
following  result. 


relationships  together  with  the 


definition  of 


IE 


gives  the 


when 

Qac' 


“’"“'“ns  ‘  lf  w*  in$ert  fhe 
into  the  above  ond  allow 


acoustic  dynamic  magnification  factor  at  resonance, 
“  =  “ns  Aen  fhe  obave  equation  becomes 


The  choice  of 
interior  of  the 


°  V°'“'  °f  °«  “  °  °f  1*  cWtaritfte  », 

cylinder  is  discussed  in  Section  VI. 
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2.  COUPLING  OF  THE  INDIVIDUAL  PANEL,  OR  HIGH  FREQUENCY  MODES 
a.  The  Internal  Acoustic  Field  Induced  by  Arbitrary  Wall  Motion 

Consider  an  inT.nifely  long  cylindrical  shell  of  radius  R,  containing  a  unifoim 
homogeneous  fluid  medium.  The  cylindrical  wall  is  assumed  to  vibrate  radially 
in  an  arbitrary  pattern  with  respect  to  the  polar  angle  *  -  It  is  assumed  that  th.s 
motion  is  uniform  with  respect  to  the  cy  I  inter  axis,  and  hormomc  >n  time  at  fre¬ 
quency  «.  The  acoustic  field  generated  within  the  medium  is  considered  as  a  two- 
dimensional  field;  and  in  the  following  analysis  equations  are  developed  .or  the 
distributions  and  amplitudes  of  the  acoustic  pressure  and  particle  velcxs.t.es  m  terms 
of  the  (assumed  known)  motions  of  the  wall .  Deflection  amplitudes  of  the  wall  are 
assumed  to  be  W.,  and  linear  acoustic  theory  is  employed.  Once  the  general 
equations  are  developed,  several  special  cases  ore  considered  ,nc.u-:ng  a  rigid 
cavity  wall  with  one  or  more  radial  pistons  driving  the  fluid  medium  Consider¬ 
ation  is  also  given  to  the  sound  Held  generated  by  random  motions  of  the  wall, 
particularly  when  two  different  ports  of  the  wall  vibrate  in  a  stot, stilly  unre¬ 
lated  fashion. 

The  ecoustic  pressure  distribution  in  the  fluid  is  governed  by  the  cylindrical  form 
of  the  two-dimensionol  wave  equation. 


V2P 


c2  dt2 


o 


where. 


V 2 


J _ 

rz  3$z 


(3.50) 


P 


P(r,4,t)  =  acoustic  pressure  in  the  fluid  medium 

speed  of  sound  in  the  medium. 


The  particle  displacements  in  the  fluid  are  expressed  in  terms  of  the  spaticl  varia 
tians  of  the  acoustic  pressure  by  the  equations 


U 

r 


Ur(r,*,t) 


=  +  i_  component  of  displacement 

p  3r 
o 
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(3.51) 


u 

9 


U  (r,ip,t) 
9 


1  3  P 

+  Pcr  39 


tangential  component  of  dis¬ 
placement. 


Since  linearity  is  assumed,  a  small  amplitude  radio:  vibration  of  the  wall  ot  fre¬ 
quency  w  will  produce  an  internal  acourtic  field  ar1  frequency  w.  Thus  let 


=  P(r,$,u)  -  e 


tut 


U(r,*,t)  =  U  (r,*,u)  -  eIut  -  +  -L  .  e:“» 

r  I  dr 


(3.53 


p  u 
o 


U  (r,*,t;  =  U  k.p.4  -  e!ut  =  +  -L  .  ei«t 

Y  Po«Zr  d<p 


Substituting  the  first  of  equations  (3.52)  into  (3.50) 


gives. 


V2  P(r,^,u)  +  Kz  P(r,$,u>  =  0 


where,  K 
u 


u/c  -  acoustic  wave  number. 

steady  state  frequency  of  the  acoustic  field. 


(3.53) 


Furthermore,  the  pressure  amplitude  must  be  periodic  with  respect  to  the  polar  angle 
so  that,  * 


=  P(r,  -  <J>  fa) 
n 

On(t)  =  an  cos  n  q  +  bn  sin  ng  n  =  0,  1,2,3, ... . 


(3.54) 


where  and  b^  are  coefficients  to  be  determined  from  the  boundary 

conditions.  Substituting  (3.54)  into  (3.53)  lea*  to  Bessel's  equation  for  the 
pressure  component  P(r,u);  namely. 
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dz  P(r,w)  +  J_  dP(r,«fr 
dr2  r  dr 


0 


or,  in  terms  of  a  non-dimensional  radial  coordinate 


I  a2 

d?2  r  d*  L 


0 


(3.55) 


(3.56) 


Neglecting  solutions  of  (3.55)  which  are  infinity  at  '  =  0,  the  general 
solution  con  be  written  cs 


P(r,4  =  P  (u)  *  J  (or  r ) 

n  n 


(3.57) 


where  P  (<a) 
n 


amplitude  of  pressure  component  of  frequency  u. 


Combining  (3.54)  and  (3.57)  gives  the  pressure  for  a  single  integer  n;  and 
noting  that  the  general  expression  for  the  pressure  consists  of  a  summation  of  these 
pressure  components  over  all  integers  n,  then. 


CD 

P(r,$,<4  =  ^  *  Pn(«)  *  Jn  («r")  *  $^(0)  (3.5$) 

n=0 


The  primary  concern  in  the  present  analysis  is  with  the  radial  displacement  com¬ 
ponent,  Ur(r,4>,u) .  Substituting  (3.58)  into  the  second  of  equation  (3.57)  gives 


46 


w 

Ur(r,trw)  =  +  V  P  <u)  .  J'lfitr)  -  (. 

pRi/  ^  n  n  " 


o  r»=c 


pn(w)  ■  Jn(arA) 


(3-59) 


where,  =  dJ^J/dfe,*)  =  (Aj.  dj^aft/dr  (3  ^ 


At  the  b^ndary  of  the  fluid,  where  r  =  R  or  r  =  I,  the  radial  deflection  is, 
from  (3.5S) 


W 

*  ^7-  £  p.«  • j;  <«>  •  »„<*> 


(3.61) 


Now,  the  radial  deflection  of  the  wall  can  be  expanded  in  a  Fourier  series. 


w 

u(R,t>0)=  uoM  *,w 


(3.621 


where  Uq(«)  denotes  the  wall  amplitude  at  frequency  u.  Thus  it  can  be  assumed 

that  the  Fourier  coefficients  an  and  bfl  in  (3.5 4)  are  known  and  are  deter¬ 
minable  from  a  knowledge  of  the  wall  motion  .  Comparing  (3.61)  and  (3.62) 

term  by  term,  shows  that  the  pressure  amplitudes  P  (u)  must  be  equal  to 


U  (u) 

p_(«)  -  +  up  c  - 

j;<«) 


(3.63) 


Thus,  substituting  (3.63)  into  (3.58)  and  (3.53  gives  the  following  equations 


for  the  amplitudes  and  distributions  of  the  acoustic  pressure  and  radial  particle 
displacement  component  in  terms  of  the  known  wall  motion: 


P(r,4.ru)  =  +  Uo(u) 


£ 

n“n 


Jn(oc^ 

J'(a) 


(3.64) 


iKr^u)  =  U  0(«) 


£ 

n  =  n 


J^f) 

J' («) 

n 


(3.65) 


Notice  that  at  the  boundary  where  r  =1,  equation  (3.65)  reduces  to  the  assumed 
form  (3.625 .  The  above  two  equations  show  that  when  the  amplitude,  Uq(u) ,  of 

the  wall  motion  approaches  zero,  so  that  the  wall  becomes  completely  rigid,  non¬ 
zero  acoustic  pressure  and  particle  displacement  can  exist  only  for  frequencies 
which  satisfy  the  equations. 


J‘(«) 


u 


ns 


(3.66) 


resonant  frequencies  for  two-dimensional 
acoustic  field  with  rigid  cylindrical  wall . 


Thus,  when  the  wall  vibrates  at  the  frequencies  the  "hard  wall"  acoustic 

resonances  in  the  fluid  are  excited.  A  table  of  values  of  the  “hard  wall"  resonant 
frequencies  can  be  found  in  Reference  14. 

Inspection  of  equation  (3.64)  shows  that  the  frequency  appears  in  the  arguments 
of  both  Bessel  Functions.  This  is  an  inconvenience  for  subsequent  numertcal 
evaluations  and  hence,  it  is  necessary  to  rewrite  this  expression.  To  do  this,  it  is 
first  noted  that 


(a)  J  (a  t)  •  <S>  ($)  =  made  shape  of  (n») -acoustic  mode 
n  ns  it 


1  'u/u„s  5  J  Tl  -  (“/ffjjj)2!  =  undamped  dynamic 


(c)  the  fatal  pressure  is  the  summation  of  all  of  the  modal 


magnification  factor 
for  the  (n,s)^node. 

pressure  components. 


Thus  it  is  reasonable  to  assume  that  P(r,<t>,w)  -ton  be 


written  in  the  form: 


oo  oo 


P(r,^>,u)  =  + 


“P"eUo<dL 

n  =  n  .  L  '  OS  '  . 


n~0  J-J 


Jn(ans?>  *  *>) 


(3.67) 


where  the  are  coefficients  to  be  determined  such  that  (3.64)  and  (3.67) 
are  Identical.  Comparing  (3.64  and  (3.67),  term  by  term,  it  is  dear  that 


J  (oc  r )  ,  ^  r  *i—i 

j;w  §  A“  [’'(tr)  J 

Multiplying  both  tides  of  (3.68)  by  [>J  (« J)  .  df]  „nd  integnsting , 
t  fntm  f-0  to  r  =  1,  we  obtain;  L  J 

- -  f  f  J‘(ar‘)  .  J  (a  r )  dr  = 

J 1  (a)  J  n  n  nx 


(3.68) 


n  o 


-  Z  Am 


J  „(«„/>  d*  (3.69) 


In  the  evaluation  of  the  two  integrals  in  (3.69),  it  is  convenient  to  employ  the 
following  general  relationship  for  Bessel  functions. 


J*  («) 

n 


T  Jn(“>  ‘  W<° 


(3.70) 


and  to  obtcin  from  this  expression  end  the  first  of  equations  (3.66)  the  special 
relationship,  that  when  a  =  a 


ns 


nj  (a  }  =  a  J  .(a  ) 

n  ns  ns  n+t  ns 


(3.71) 


Standard  expressions  for  the  integrals  in  (3.69),  together  with  the  simplifications 
provided  by  (3.66),  (3.70)  end  (3.71)  lead  to; 


PjlaP)d(aP)  dP 

n  n  roc 


A  , 
r  J 


(« 

n  ns 


r) 


.  J  (a  P)  dr  = 

n  nx 


J  (a  )  J*  («) 
n  nx  n 


(3.72) 


)  J  (a 
n 


ns 


-  J  (a  )  J  (a  ) 
n  ns  n  nx 


=  0  ,  x  ?  n 


(3.73) 
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J 

0 


A 

r 


[Jn‘«n/>  ]’  *  1[!  *  ] 


(3 .74) 


Substituting  (3 .72)  -  (3.74)  into  (3.69)  shows  that  only  cr,e  non -zero  tern 
on  the  right-hand  sice  of  (3.69)  is  obtained,  namely  thct  terrr  for  which  s  =  x, 
and  tnt-s,  tt.at. 


A 

ns 


*  ns  _  1 

[l  -  (n/a^)2]  Jn(ans} 

3RtJ/c<*M  '  I 
[i  -  (n/cr^  J  Jn^0tr:s^ 


(3.75) 


Substituting  (3.75)  into  (3.67)  leads  to  the  desired  modal  expression  of  the 
pressure  field  at  frequency  w.  Substitution  of  (3.67)  Into  the  second  of  equations 
(3.52  gives  the  modal  expansion  of  the  radial  displacement  component.  The 
resulting  expressions  are: 


J!— >  J  (“  *)  <t>  fa>) 

.  _  ,  ^  n  ns  _ n_( _ 

*  2“  ^“E  2-,  , ,  ,  f 

-  r~*"  J  L 


■n 


(3.76) 


co  co  „r_ 


Ur(r,t,«)  =  +  2UJ. 


*  EE 


ns  ns  ^n 


n=o  s=i 


n  ns 


-nZ]'[|-fc-)’ 


(3-77) 


Jl(«  r) 

n  ns 


d  J  (a  r)/d(o£  r) 
n  ns  n» 


(3.78) 
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Notice  that  from  (3.76)  the  pressure,  P(R,p,u),  which  octs  on  the  wall  is. 


eo  co 


P(R 


n=o  s=i 


(3.79) 


Inequations  (3.76),  (Z.77)  and  (3.79),  the  frequency  w  appears  explicitly, 
whereas  in  (3.64)  and  (3.65)  the  frequency  is  implicit  in  the  arguments  of  the 
Bessel  functions. 

b.  Rigid  Shell  with  a  Single  Radial  Piston 


Assume  that  the  cylindrical  wall  is  rigid  and  fixed  except  for  a  radially  moving 
piston  which  Subtends  an  angle  as  si  .own  in  Fi^jre  8.  Assume  also  that  the 

piston  lies  in  the  range  -^/2  <^<^/2.  If  U^(u)  denotes  the  ampl ltude  of 

the  piston  displacement,  then  the  wall  motion  can  be  described  as  shown  in  Figure 
9.  The  Fourier  series  of  the  radial  deflection  shown  in  this  figure  can  be  written 
in  the  form  given  by  equation  (3.6J)  where  the  n-th  Fourier  component  <Pn(^) 
is 


2* 


sin(nto/2)' 

("V'S 


cos  n* 

To 


(3.80) 


Substitution  of  (3.80)  into  (3.76),  (3.77)  and  (3.79)  will  yield  the  desired 
expressions  which  describe  the  internal  acoustic  field  for  a  single  radial  piston 
mounted  in  an  otherwise  rigid  wall.  It  is  interring  to  note  that  as  ^  approaches 

zero,  all  of  the  (tower  order)  Fourier  components  4»n(4)  toward  2^, 
independent  of  n .  This  case  corresponds  to  a  point  radial  source,  or  a  line  source 
with  respect  to  the  entire  cylinder. 

c.  Rigid  Shell  with  Two  or  More  Rodiai  Piston* 

Consider  the  case  shown  in  Figure  10  in  which  the  cylinder  wall  is  rigid  except 
for  two  radial  pistons  which  subtend  angles  ^  and  ^ ,  and  which  are  centered  at 

f=0  and  f  =  P  respectively.  Assume  that  the  two  pistons  oscillate  harmonically 
at  frequency  «,  either  in-phase  or  out-of-phase,  with  amplitudes  U#|M  and 


I 


3 

1 


UQ^(u)  respectively. 


The  Fourier  series  for  the  radial  wall  motion  in  this  case  is 


Ur(R'+'“>  =  Y.K<*  +  u0,(w) 

n=o 


•n»« 


2*. 


sin  (n$(/2) 


cos  nf 


2^ 


sin  ("tz/35l 
(«tz/2> 


cos  n  (f  -  p) 


(3.81) 


(3.8? 


(3.83) 


Substituting  (3.81)  into  (3.76),  (3 .71)  and  (3.7$)  leads  to  the  necessary 
equations  which  describe  the  acoustic  field  generated  in  this  case.  It  is  important 
to  note  that  the  total  wall  motion  can  be  described  as  the  linear  summation  of  two 
motions,  one  for  each  piston;  and  hence  the  acoustic  field  will  simply  be  the 
summation  of  the  acoustic  fields  generated  by  each  piston.  Clearly  then,  for 
multiple  pistons,  the  net  acoustic  field  is  the  linear  summation  of  the  acoustic 
fields  generated  by  each  piston . 


d.  Computation  of  the  Internal  Acoustic  Reid  from  the  Structural  Response 


The  pressure  at  a  point  in  the  interior  of  a  cylindrical  shell  due  to  the  motion  of 
part  of  the  wall  can  be  expressed  by  equation  (3.76).  At  high  frequencies  of 
external  pressure  excitation,  where  the  pressure  correlation  lengths  ore  less  than 
the  dimensions  of  an  individual  panel,  the  total  response  of  an  aircraft  fuselage 
to  random  pressure  fields  will  be  in  the  farm  of  un correlated  motion  of  individual 
panels  with  fames  and  stringers  acting  as  nodal  lines.  If  the  panel  motion  is  con¬ 
verted  to  that  of  an  equivalent  piston  then  the  internal  pressure  response  can  be 
obtained  directly  from  equation  (3.76).  Conversion  of  panel  motion  to  an  equiv¬ 
alent  piston  is  carried  out  by  averaging  the  square  of  the  motion  amplitude  over  the 
panel  area;  the  panel  motion  can  be  calculated  assuming  simply  supported  edges 
and  this  can  be  shown  to  be  given  by  (see  Section  V); 


S>> 

sp« 


=  A1 
o 


mn 


J*  M 

act 


mns 


mn  ns 


(3.84) 
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where  Sp(u)  is  the  power  spectral  density  of  the  external  pressure  fluctuations 
and  S  («)  is  the  power  spectra!  density  of  the  panel  motion.  Converting  equation 
(3.7^  to  a  power  spectral  density  and  dividing  both  sides  by  S  (w)  leads  to  the 
definitim  of  the  Internal  acoustic  field; 


S  (r,$;u) 


ns 


V“> 


S  (w)  Jz  (a  r)  cj>  (9) 
=  4pW  —  -  n  m  n 


sp(o> 


iz(«  )(«2  -n2)  Tl-/—  \2T 

n  ns  ns  J 


(3.85) 


The  Fourier  coefficients  a^  and  b|^  which  occur  in  $  may  be  evaluated  by 
Fourier  analysis  since  from  Figure  9  f(<p)  =  1  when  ^2-  <_  4  <_  ^o 


and  zero  elsewhere,  giving; 


b 

2xR 


(3.86) 


b  =  0 


a  = 


I  .  n  b 

-  sin  -3 — 

n  x  R 


(3.87) 

(3.88) 


n  =  1,2,3,. 


b  = 


n  b 


n  x  Sm  2R 


(3.89) 


where  b  is  the  panel  dimension  in  the  circumferential  direction. 

The  average  pressure  of  the  two-dimensional  acoustic  field  within  the  fuselage  may 
be  obtained  by  integrating  over  the  area  and  carrying  out  the  modal  summation  to  give; 
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s  M 

Ji _ 

sp(«) 


Sw« 


SpM 


(p  oc) 
o 


e  ) -J  ,(«  )*j  .  (a  j|(oz+b2) 

\  s  L  n  ns _ n-i  ns'  n+iv  ns  j  n  °n 

^  J'Ua  Ha2  -  n2)2  \\ -(Z—Y  1* 
n  ns  ns  I  u  I 

v  ns  /  . 


n=o 

s=o 


(3.90) 


where  is  a  Neumann  factor  having  the  values; 

%  =  1  '  *  /  0 

•s  =  2  ,  s  —  0  * 


Equation  (3 .90)  represents  the  space-averaged  noise  reduction  coefficient  of  a  two- 
dimensional  circular  shell  in  the  absence  of  acoustical  damping.  As  in  the  three- 
dimensional  case,  acoustic  damping  may  be  introduced  through  a  value  of  the  dynamic 
magnification  factor  at  resonance.  Thus  the  third  term  in  the  denominator  under  the 
summation  sign  becomes 


when  u— *-w  . 

ns 


It  should  be  noted  that  the  mode  number  n  above  corresponds  to  the  mode  number 
in  the  circumferential  direction  used  in  the  response  equations  in  Section  V. 
and  that  the  mode  number  s  above  is  the  other  mode  number  required  to  define 
a  two-dimensional  acoustic  mode. 

It  was  shown  in  SecHon  2  .c  that  the  total  internal  pressure  may  be  obtained  by 
the  linear  summation  of  the  effects  of  all  the  panels  farming  the  bounding  wall. 
Thus,  the  total  internal  pressure  power  spectral  density  is  obtained  by  multiplying 
equation  (3.90)  by  the  number  of  skin  panels  around  the  circumference  of  the 

fuselage,  between  two  adjacent  ring  frames.  .Allowance  may  be  made  for  the  effect 
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of  a  floor  in  the  fuselage  by  reducing  the  number  of  panels.  The  -effect  of  fuselage 
windows  may  be  introduced  by  calculating  the  structural  response  of  the  windows 
(i.e.,  panels  having  modified  structural  characteristics)  and  the  resulting  internal 
pressure  and  summing  to  give  the  total  internal  pressure  power  spectral  density. 

COUPLING  OF  THE  INTERMEDIATE  MODES 

The  theoretical  trse'.nent  of  the  coupling  of  the  panel  groups  with  the  internal  air 
mass  of  the  fuselage  is  carried  out  in  exactly  the  same  manner  as  for  the  indivi&al 
panels  oF  the  previous  case.  In  the  present  case,  a  single  piston  vibrating  in  the 
wail  of  the  shell  now  represents  a  panel  group  composed  of  N  panels  supported  by 
N  +  1  intermediate  stringers  between  two  adjacent  ring  frames.  The  motion  of  each 
panel  group  is  assumed  to  be  uncor-elated  with  its  neighboring  group,  in  the  same 
way  that  the  individual  panels  of  the  previous  case  were  assumed  to  be  uncorrelated. 

Converting  the  average  motion  of  the  panel  group  (the  equation  for  which  is  devel¬ 
oped  in  Section  V  and  is  similar  in  form  to  equation  (3.84)  )  into  an  equivalent 
piston  and  substitution  into  equation  (3.76)  allows  the  definition  of  the  internal 
pressure  response.  It  should  be  noted  that  the  total  length  of  a  particular  panel 
group  is  dependent  on  the  typical  correlation  lengths  for  the  fluctuating  pressure 
environments,  and  these  lengths  are  discussed  in  detail,  in  Section  IV.  The 
average  pressure  of  the  acoustic  field  within  the  fuselage  is  again  obtained  from 
equation  (3.90),  the  only  difference  being  that  the  b's  used  for  the  evaluation 
of  the  Fourier  coefficients  (equations  (3.86  -  3.89))  now  represent  the  total 
circumferential  length  of  the  panel  group.  The  total  internal  pressure  power 
spectral  density  is  obtained  by  multiplying  equation  (3.90)  by  the  number  of 
panel  groups  around  the  circumference  of  the  fuselage,  which  in  fact  is  also  the 
number  of  individual  panels  around  the  circumference. 
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LIST  OF  SYMBOLS 


LIST  OF  SYMBOLS  USED  IN  SECTION 


b,  ,b 

k  n 


c 

d 


e,  e_ 

h 
m 
n 

P 


constant  in  the  wave  equation, 

Fourier  coefficients 

constant  in  the  wave  equation 
Fourier  coefficients 

speed  of  sound 

constant  in  the  wave  equation 
dilatation 

thickness  of  shell  wall 

integer,  number  of  axial  half  wavelengths  along  the  cylinder  or  pane! 

integer,  number  of  circumferential  waves  around  the  cylinder,  or 
number  of  panel  halfwaves 

pressure 

(t),q  (t)  time  variation  of  the  radial  displacement  in  the  (m-n)-mode  or 


mn  mns 


mns 


(mns)-mode . 
radial  coordinate 


Kr 


[-$] 


1/2 


s 

t 

u 

v 

w 

x 


acoustic  mode  number,  or  an  integer 
time 

axial  component  of  displacement 
tangential  component  of  displacement 
radial  component  of  displacement 
axial  coordinate,  or  integer 
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>  *•« 


X 


ns 

F  «,F  (t) 

mn  mns 

H(^) 

J  (of) 


J  (a  r ) 
n  v  nx 

Jn(T) 
J«a  « 


K  =  — 


mns 

(*) 

mn 

c(o) 

mns 


M 


mn 


M 


mns 


M 


(a) 


N 


non -dimensional  axial  coordinate 
circumferential  coordinate 
non-dimensional  circumferential  coordinate 
constant 
area 

coefficient  defined  by  Equation  (3 .75) 

generalized  forces  for  the  (mn)  and  (mns)  modes  at  time  t 

dynamic  magnification  factor  for  the  (mns)  coupled  mode 

n-th  order  Bessel  function  of  the  first  kind  and  argument  a  f 

n-th  order  Bessel  function  of  the  first  kind  and  argument  a  f 

nx 

joint  acceptance  for  the  (mni)  shell  mode 

n-th  order  Bessel  function  of  the  first  kind  and  argument  (T ) 

joint  acceptance  for  the  (mn)  panel  mode 

acoustic  wave  number 

generalized  stiffness  of  the  structural-acoustic  system 

generalized  stiffness  of  the  (mn)  shell  mode 

generalized  stiffness  of  the  (mns)  acoustic  mode 

axial  length  of  the  shell 

total  mass  of  the  shell 

generalized  mass  of  the  (m  n) -she II  mode 

generalized  mass  far  the  (mns)  coupled  mode 

generalized  acoustic  mass  for  the  (mns)  mode 
number  of  panels  in  a  row 


j 

■> 

1 
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V*'  y;  ^  external  pressure  on  Hie  shell  at  the  point  (if,  7) 

Pn  (“)  amplitude  of  internal  pressure  component  at  frequency  u 

Pmn(r'»'x;u)  ^ernal  P-«sure  component  in  the  (m-n)  shell  mode 

ns  effective  dyncmic  mcgnificotion  factor  for  the  (m n s)  coupled  mode 

effective  acoW  ,  dynamic  magnification  factor 
®  shel  I  radius 

^  dimensionless  radial  coordinate 


V  « 

I 


(  K  )  ]  for  the  three-dimensional  acoustic  field 
^ns  roots  of  Equation  (3.21) 

Sp(«)  po^er  spectral  density  of  the  external  pressure  fluctuations  at 

frequency  u 

SP;  (u)  spectro1  den‘!fy  of  internal  acoustic  field  at  frequency  u 

S  (r,  x,  y;  «)  power  spectral  density  of  the  internal  acoustic  field  at  the  point 
x,  y )  and  frequency  u 

Sw  («)  power  spectral  density  of  the  displacement  response  at  frequency  « 

Sw(  x,  y;  «)  p^er  spectral  density  of  the  displacement  response  at  the  point 
\  */  Y  )  ond  frequency  u 

Uo  work  done  per  unit  volume 

^  amplitude  of  radial  displacement  at  frequency  u 

Jf  a«w tic°fi eld1*" *  °?  dJspl°Cement  for  **  two-dimensional 

V<»  ocXicafieirP°nenf  °f  PQ,+Jcle  d!sP,acemen*  for  the  two-dimensional 

V  r  }  n_rfl  order  function  of  the  second  kind  and  argument  r 


V“> 


Yn(T) 


KR  = 
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ns 


nx 


value  of  the  constant  a  for  the  (  ns  ) -resonant  mode  of  the  two-dimensional 
acoustic  field  enclosed  by  a  rigid  woll  (see  Equation  3.66) 

value  of  the  constant  a  for  the  (nx)  -resonant  mode  of  the  two-dimensional 
acoustic  field  (note  that  x  is  an  integer  which  may  or  may  not  be  equal  to 

s) 

angle  subtended  by  two  radial  pistons 

space  average  constant  for  the  (m n)-mode  shape  of  the  cylinder  and  panel, 
defined  by  Equations  (5.8)  and  (5.62)  respectively 

Neumann  factor  defined  by  Equation  (3-90) 


m  n 


u 

u 


m 


mn 


ns 


m  ns 

«8>n  (<t») 


£2 


£2 


mns 


mass  per  unit  area 

ambient  density  of  the  cabin  medium 
circumferential  coordinate  j 

normalized  component  deflection  shape  of  the  (mn)  shell  mode 

( —  ib  +  (t>  ) 

angle  subtended  by  a  single  radial  piston 
steady  state  frequency 

the  resonant  frequency  of  the  m-th  axial  acoustic  mode  of  a 
cylindrical  shell 

resonant  frequency  of  the  (m  n)-struchiral  mode 

resonant  frequency  of  two  dimensional  acoustic  field 

acoustic  resonant  frequency  (in  the  absence  of  the  shell) 

periodic  component  of  the  pressure  amplitude  for  the  two-dimensional 
acoustic  field 

Acoustic  resonant  frequency  of  the  shell -airmass system {  -  wmns  when 

If  =  TT  } 

ns 

resonant  frequency  of  the  dynamically  coupled  system 


(  ) 


denotes  meon  square 
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SECTION  IV 


CHARACTERISTICS  OF  THE  FLUCTUATING  PRESSURE  ENVIRONMENTS 

When  computing  the  response  of  structures  to  fluctuating  pressures,  it  is  necessary 
to  describe  the  fluctuating  pressure  environment  in  terms  of; 

i)  Overall  Level 
ii)  The  Power  Spectrum 

Hi)  The  Narrow-Band  Space  Correlation  Coefficients 

In  the  following  sections,  each  of  the  above  properties  is  discussed  for  the  aerodynamic 
turbulence  environment,  the  jet  noise  environment,  and  a  reverberant  acoustic  field 
environment . 

AERODYNAMIC  TURBULENCE  ENVIRONMENT 

The  oerodynamically  induced  pressure  fluctuations  acting  on  the  exterior  surface  of 
an  aircraft  in  flight  are  an  important  source  of  cabin  noise  and  can  also  be  of  suffi¬ 
cient  intensity  to  cause  fatigue  failure  of  parts  of  the  structure.  Over  a  considerable 
portion  of  the  aircraft  only  the  attached  boundary  layer  sources  are  significant,  and 
these  are  the  only  sources  considered  in  the  present  investigation. 

The  prediction  methods  put  forward  here  for  the  overall  level,  power  spectrum  end 
narrow-band  space  correlation  functions  are  those  suggested  by  Lowson  (Reference 
15),  who  carried  out  an  extensive  study  of  the  basic  mechanisms  underlying  the 
turbulence  phenomenon. 

o.  Overall  Level 

Experimental  and  theoretical  information  on  the  overall  level,  particularly  at  super¬ 
sonic  speeds,  is  fragmentary  and  not  in  particularly  good  agreement.  However, 
reasonably  good  correlation  has  buen  found  using  prms/q  os  a  parameter  (Reference 
16} ,  where  p^^  is  the  root  mean  square  pressure  fluctuation,  and  q  is  the  dynamic 
head  (  =  0.5  p  Uq),  though  the  accuracy  of  this  prediction  is  reduced  at  supersonic 
speeds.  Theory  (Reference  17)  suggests  that  P—,/ tw  would-be  a  suitable  non- 
dimensionalized  parameter,  where  tw  is  the  walishear  stress,  but  this  theoretical 
prediction  is  dependent  on  the  similarity  of  the  boundary  layer  velocity  profiles. 
Neither  the  effects  on  pressure  fluctuations  of  roughness  nor  those  of  pressure  gradient 
are  found  to  be  predicted  on  a  tw  basis.  Thus,  the  use  of  tw  increases  the  com¬ 
plexity  of  prediction  without  offering  any  advantages  in  increased  applicability. 

A  comparison  of  the  data  for  the  above  two  schemes  is  shown  in  Figures  1 1  and 
12  ,  and  some  scatter  is  apparent.  An  advantage  of  using  is  that  tw  =  3.0 
does  give  a  line  which  is  approximately  a  mean  of  the  various  results  at  both  subsonic 
and  supersonic  speeds  (see  Figure  12).  However,  there  is  every  reason  to  expect 
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that  would  be  a  function  of  Mach  number,  so  that  a  graph  of  Prms/q  versus 

M  would  be  an  acceptable  predictor  if  the  data  could  be  shown  to  collapse. 

The  basic  mechanism  underlying  the  production  of  the  surface  pressure  fluctuations 
beneath  a  turbulent  boundary  layer,  at  least  in  subsonic  flows,  appears  to  be  two¬ 
fold.  Firstly,  there  is  a  component  associated  with  the  eddies  at  the  edge  of  the 
laminar  sublayer,  tentatively  associated  with  the  laminar  sublayer  11  eruption"  process 
(Reference  18).  This  component  is  relatively  intense,  is  typically  of  high  frequency, 
(u  6^/U0  >1)  and  has  a  convection  speed  of  about  0 .5  -  0 .6  of  the  free  stream 
velocity.  The  second  component  is  associated  with  the  eddies  in  the  outer  intermit¬ 
tent  parts  of  the  boundary  layer.  The  intensity  of  this  component  appears  to  be 
markedly  affected  by  upstream  conditions  such  as  roughness  or  protuberances,  is 
typically  of  low  frequency  (u  6jJ/U0<  0.2)  and  has  a  convection  speed  of  about 
0.8  of  the  free-stream  velocity.  The  experimental  data  which  shows  these  effects 
in  the  clearest  manner  is  that  of  Bull  (Reference  19). 


At  subsonic  speeds  the  wall  layer  is  generally  the  most  effective  source  of  fluctuating 
pressures.  The  assumption  that  this  will  be  true  at  supersonic  speeds  leads  to  an  inter¬ 
esting  result  for  the  intensity.  At  subsonic  speeds  the  available  data  suggests  that  the 
fluctuating  pressure  intensity  is  given  approximately  by 

p  =  0.006  x  (0.5  p  l£)  (4.1) 

rrms  o  ° 

where  0.5  pQ  U2  is  the  dynamic  head,  pQ  is  the  free  stream  density  and  UQ  is  the 
free  stream  velocity.  Assuming  that  the  wall  layer  is  the  principal  source  of  fluc¬ 
tuating  pressure  at  supersonic  speeds,  leads  to  the  following  universal  formula 


p  =  0.006  x  (0.5  p,  U2) 
rrms  i  ° 


(4.2) 


where  p(  is  the  density  near  the  wall  at  the  site  of  the  most  intense  eddies.  Main¬ 
taining  0  as  the  free  stream  velocity  implies  a  subsidiary  assumption  that  the 
turbelent  velocities  are  always  proportioncl  to  U0,  and  that  there  is  no  change  of 
relative  scale;  this  feature  agrees  with  arguments  put  forward  by  Morkavin  (Reference 
20) .  Since  the  temperature  increases  and  the  density  decreases  near  the  wall , 
Equation  (4.2)  suggests  a  reduction  in  the  value  of  Plrn,/q  at  supersonic  speeds; 
this  observation  has  been  the  subject  of  unpublished  work  by  both  Eldred  and  Houbolt. 
Following  this  argument,  Low^on  (Reference  15)  has  suggested  that 


p,/q 

rms 


0.006 

(1  +0.14M2) 


(4.3) 


be  used  as  an  empirical  curve  for  the  fluctuating  pressure  intensity  benecth  an 
attached  turbulent  boundary  layer.  This  curve  is  also  plotted  *n  Figure  11 ,  and 
can  be  seen  to  be  a  fairly  good,  slightly  conservative  fit  to  the  available  data. 


Figures  11  and  12  show  that  there  is  reasonable  agreement  between  the  prediction 
curve  suggested  here  and  that  using  PTmt/~rw  ~  3.0,  based  on  Bies  methods  for 
predicting  tw  (Reference  21). 

Equation  (4.3)  may  be  rewritten. 


0.0042  p 
_ ro 

M~2+  0.14 


(4.4) 


■where  pQ  is  the  free  stream  static  pressure.  Thus  as  M  becomes  very  large  pmB 
becomes  equal  to  0.03  po  .  Although  use  ef  a  formula  such  as  (4. 1)  would  suggest 
i.irensities  several  orders  of  magnitude  greater  than  this,  it  seems  reasonable  that 
the  limiting  intensity  of  the  fluctuating  pressure  sources  would  be  proportional  to 
the  static  pressure . 

b.  Spectral  Distribution 

The  frequency  spectra  of  attached  turbulent  boundary  layer  pressure  fluctuations  ore 
found  to  scale  on  a  Strouhal  number  basis;  that  is  the  frequency  is  non-dimensional- 
ized  by  multiplying  by  a  typical  length  and  dividing  by  a  typical  velocity.  However, 
the  choice  of  correct  typical  lengths  and  velocities  is  Fnr  from  easy.  Free  stream 
velocity  is  generally  used  for  the  non-dimensional ized  velocity,  although  the  use  of 
a  typical  eddy  convection  velocity,  itself  a  function  of  frequency,  would  correspond 
more  closely  with  the  physical  situation.  For  simplicity,  free  stream  velocity  --vill  be 
used  hare. 


Definition  of  a  typical  length  is  more  difficult.  Boundary  layer  thickness  5^,  displace¬ 
ment  thickness  S*,  and  momentum  thickness  5  have  all  been  used  by  various  aumors. 
For  subsonic  boundary  layers  most  results  hove  been  taken  for  equilibrium  flows  with  a 
similar  ratio  of  these  characteristic  lengths,  so  that  non-dimensional Nation  using  any 
of  these  gives  very  similar  ccllapse.  In  supersonic  flows  the  typical  lengths  do  vary 
widely  with  Mach  number,  but  no  final  conclusion  can  be  drawn  on  the  relative  merits 
of  the  collapse  against  any  particular  length.  Perhaps  the  most  generally  used  typical 
length  is  6  *,  the  displacement  thickness.  However,  in  this  report  the  boundary  layer 
thickness  Sj,  will  be  used  for  three  reasons;  firstly,  it  is  easier  to  predict,  secondly, 
it  is  related  to  a  physical  characteristic  of  the  flow,  the  size  of  the  largest  eddies; 
and  thirdly,  it  gives  a  slightly  improved  collapse  of  the  only  available  supersonic 
data. 


The  principal  problem  in  predicting  subsonic  spectra  under  any  scheme  is  estimation 
at  the  low  frequencies.  Experiment,  both  in  flight  and  in  wind  tunnels,  shows  con¬ 
siderable  low  frequency  scatter  from  the  very  law  values  reported  by  Hodgson  (Refer¬ 
ence  22)  for  a  glider,  to  the  high  values  reported  by  Gibson  (Reference  23)  and 
Maestrello  (Reference  24)  for  full  scale  aircraft,  although  Hodgson's  results  were 
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taken  at  low  Reynolds  number  on  a  far  from  equilibrium  boundary  layer,  and  are 
therefore  not  considered  relevant  here.  It  is  extremely  difficult  to  define  any 
single  curve  from  the  available  data.  Bies  has  recently  published  a  detailed  review 
of  spectral  measurements  in  a  wind  tunnel  and  in  flight  (Reference  21)  and  suggested 
the  curves  shewn  in  Figure  13  as  means  through  the  data .  The  scatter  about  these 
curves  is  about  +  5  dB.  These  curves  have  been  converted  to  the  present  basis  by 
assuming  that  the  wind  tunnel  results  were  taken  at  a  typical  Macii  number  of  0.5 
and  a  typical  Reynolds  number  of  l(f ,  while  the  flight-  results  were  typified  by  the 
values  M  =  0.8  and  Re  =10®.  Values  of  the  boundary  layer  parameters  were 
estimated  from  the  curves  given  by  Bies,  using  the  above  figures. 

Since  it  is  desired  to  apply  the  empirical  results  from  the  present  study  to  the  super¬ 
sonic  case-  and  there  are,  at  present,  no  reliable  in  flight  supersonic  measurements, 
the  supersonic  wind  tunnel  data  of  Speaker  and  Ailman  (Reference  25)  hove  been 
reviewed  carefully.  Figure  14  shows  a  re-plot  of  the  Speaker  and  Ailman  data  on 
the  present  basis.  Overall  level  has  been  non-dimensional ized  by  dividing  by 
q/(l  +0.14  M2),  and  the  Strouhal  number  is  based  on  free  stream  velocity  and 
boundary  layer  thickness. 

An  empirical  curve  fit  far  the  frequency  spectrum  which  is  close  to  the  mean  empirical 
curves  derived  from  Bies  results  and  is  a  good  representation  of  the  Speaker  and  Ailman 
data  for  the  supersonic  cases  is  given  by  Lawson  (Reference  15)  as; 


pz  &»)  _ 


0.006 
1  +0.14M2 


1  +  /JLW* 
/  ( 


where  the  typical  frequency  »Q  has  been  taken  as  equal  to  .  This  curve  is 

shown  in  both  Figures  13  and  14  and  has  the  advantage  of  being  analytical  as  well 
as  matching  the  data.  As  ccn  be  seen,  the  curve  is  probably  conservative  at  the  high 
frequencies  for  the  highest  Mach  numbers. 

There  is  a  definite  trend  noticeable  in  Rgure  14,  which  was  also  pointed  out  by 
Speaker  and  Ailman .  The  slope  of  the  high  frequency  portion  of  the  curves  for 
M  >0.8  is  greater  than  that  of  the  lower  Mach  number  spectra.  Furthermore  the 
curve  for  M  =  0.42  agrees  closely  with  that  of  Bull  (Reference  19)  in  the  high 
frequency  region.  Typically,  low  Mach  number  wind  tunnel  spectra  decay  at  20  dB 
per  decade  at  high  frequencies,  while  the  present  high  Mach  spectra  decay  at  40  dB 
per  decade .  Little  independent  data  is  available  to  substantiate  this  trend,  although 
Maestrello's  results  (Reference  24)  taken  at  0.63  <  M  <  0.78  do  show  seme  increase 
in  decay  rate.  Since  the  trend  to  increased  rates  of  decay  above  a  Mach  number  of 
about  0 .8  ccn  not  be  conclusively  verified  it  seems  desirable  to  exercise  some  caution 
in  making  predictions,  and  this  is  reflected  in  the  empirical  curve  In  Figure  14.  It 
may  be  noted  that  while  the  empirical  curve  does  lie  below  the  lew  speed  wind  tunnel 
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date  at  high  frequencies  if  appears  to  match  the  subsonic  flight  data  well  fcee 
Figure  13).  It  is  thought  tha*  the  empirical  curve  may  be  used  with  some  confidence 
for  aircraft  predictions  unless  extraneous  low  frequency  effects  are  present. 

Since  the  formulae  given  here  requires  a  knowledge  of  the  boundary  layer  thickness, 
bjj ,  the  empirical  equation  suggested  by  Bies  (Reference  2!)  is  recommended  here, 
namely. 


where  x  is  the  distance  from  the  leading  edge  of  the  body  and  Re  =  U  x/v  , 
where  v  is  the  kinematic  viscosity.  x  ° 

c.  Narrow-Bend  Space  Correlation  Coefficients 

The  key  parameter  needed  to  describe  an  impinging  pressure  field  is  the  narrow-band 
space  correlation  function,  often  referred  to  os  the  cross  power  spectral  density, 
which  can  be  written  as  the  product  of  th?  mean  square  (or  power)  spectral  density 
of  the  pressures  and  a  narrow-band  cross  correlation  coefficient. 

Consider  two  points  6c,  y)  and  £*',  y‘)  on  the  surface  of  the  structure  and  let  P6c,y,t) 
and  P  6c‘  y',  t)  denote  the  instantaneous  pressures  at  these  two  points.  In  addition, 
assume  that  these  pressures  are  passed  through  a  narrow-band  filter  of  bandwidth  Au 
and  centered  on  frequency  o;  and  let  P  6c,  y,  t;  o)  and  P  6c',  y',  t;  u)  denote  the 
filtered  outputs.  The  narrow-bond  space  correlation  function  is  denoted  by 
R  6«,  y;  x‘,  y‘;  u)  and  is  defined  functionally  os  (in  the  limit  as  Ao  approaches 
zero) 

R  <x,  y;  X-,  y*;  u)  =  P6c,  y,  t;  »)  P  6c‘,  y',  t;  u)  (4.7) 


where  the  bar  (  )  denotes  time  overage.  When  the  points  (x,  y)  and  y') 

are  coincident,  this  correlation  function  reduces  to  the  mean  square  pressure  spectral 
density,  at  the  point  (x,  y)  for  Instance,  end  such  a  quantity  can  be  denoted  simply 
®  ^  6c,  y;  u)  .  The  narrow— band  space  correlation  coefficient  is  denoted  as 
C  6c,  y;  x',  y';  u)  and  is  defined  as 


c  6c,  y;x',  y‘;«) 


R  6c,  y;  x‘,  y1;  <■>) 
R  (x,  y;  u) 


(4.8) 


Thus,  as  defined,  the  numerical  values  of  C  6<,  y;  x',  y1;  o)  lie  between  +  1 


A  simplified  form  of  the  correlation  coefficient  is  assumed  throughout  this  work, 
namely  that  the  correlation  coefficient  can  be  written  in  separable  form  with  respect 
to  the  coordinate  axes  of  the  structure .  Thus, 

C  {«,  y;  x‘,  y*;  w)  =  C  (x,  x1;  o)  *  C  (y,  y';  u)  (4.9) 

In  addition  it  is  assumed  that  the  x -component  and  the  y -component  of  the  pressure 
field  are  homogeneous,  in  the  sense  that  the  correlation  coefficients  C  6<-,  x';  u) 
and  C  (y,  y';  »)  are  even  functions  only  of  the  separation  distance  (and  of  course 
frequency)  along  their  respective  coordinate  axes  so  that  they  are  independent  of 
the  actual  position  of  either  of  the  points  \x,  y)  or  fcc’,  y') .  Thus  in  simplified  form 
the  pressure  correlation  coefficient  reduces  to; 

C  y;  x* ,  y'; «)  =  C  (5  ;  o)  •  C  (rj ;  u) 

C£;u)=  C  (-?;«)  C  =  x-x‘  (4.10) 

C  (t) ;  u)  =  C(-q;u)  H  =  Y  ~  Y' 

Wind  tunnel  measurements  of  narrow-band  pressure  correlations  have  been  obtained 
for  subsonic  speeds  but  are  quite  scarce  for  supersonic  speeds.  However ,  a  limited 
amount  of  broadband  correlation  data  exists  for  the  supersonic  case,  which  indicate, 
as  a  first  approximation  that  the  subsonic  pressure  correlations  can  be  used  for  the 
higher  speed  range. 

Measurements  of  longitudinal  and  lateral  correlations  in  wind  tunnels  have  been 
made  by  Bull  {Reference  19)  and  cibers  (References  22  -  27)  .  The  correlation 
data  obtained  by  these  investigators  are  presented  in  Figures  15  and  16  where  it 
is  observed  that  the  data  have  been  collapsed  on  correlation  Strouhal  numbers 
?«/U  and  n  u/Uc.  In  comparing  these  data,  it  is  observed  that  gcx>-  agreement 
existsCfor  the  longitudinal  correlation,  while  the  lateral  correlations  exhibit  signi¬ 
ficant  scatter. 

From  these  data,  mean  empirical  expressions  have  been  derived  for  the  space  cor¬ 
relation  coefficients,  as  follows; 

C£;«)  =  exp  [-  0.1  |c[VUc]  *  cos  <5«/Uc)  (4.11) 

C(n;«)  =  exp  [-0.720  |  n  J  “A*c ]  (4.12) 

The  above  correlation  coefficients  may  be  obtained  by  direct  averaging  and  normal¬ 
izing  of  the  narrow-band  pressure  components  as  indicated  by  the  d-*“  .Itions  {4.7)  and 
(4.E).  Alternatively,  they  may  be  obtained  as  special  cases  of  the  space-time  cor¬ 
relation  functions.  Experimental  measurements  of  the  longitudinal  space-time  correlation 
coefficients  are  approximated  reasonably  well  by  the  equation 
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P  fr,  y,  t;  o)  •  P  fr  +  g,  y,  t  +  T  ■  w) 
R  (*»  y; ») 


c  GT,t;  u) 


=  I  C  £;«)  J  cosu  (t  -?/Uc)  (4 .13) 

dir  +  ?'  £  is  downstrean'  of  P«**  (*,  y)  by  a  distance  ?,t 

f^rflrn  Z  Si  downstre“n  “-^re,  the  ratio  £/U  denotes  the  time 

forjbe  flow  to  traverse  the  d. stance  ?,  and  Jc  £  ;  «)|  denotes  Sie  maximum  value 

^  space-hrne^elot.on  coefficient,  fne  quantity  C  £;«}[  can  be  obtained 
experimentally  by  adjusting  the  delay  times  t  so  as  to  fJaimize  the  space-time 
correlation .  In  Equation  (4.12)  this  delay  time  would  be  t  =  C/U_.  Fa-  o  fixed 
value  of  ?,  the  delay  time  for  maximum  correlation  will  vary  somewhat  with  fre- 

?!  /'  EqUa.  °?  J4:!3)  Mn j*  treoted  «  however,  by  assuming  that  the 

onvect. on  velocity  Uc  is  a  function  of  frequency  u  and  the  distance  that  is 

M  iS*l  ThC  S-P°t,°  correlo,Ton  coefficient  C  (£;  «)  is  obtained  from 
equation  (4.13)  by  setting  t  =  0,  thus; 


C  ">  -  j  C  £ ;  «)  J  cos  ?  u/Uc  (4  j4) 

Measuremenh  of  J J  C  £ ;  u)  |  have  been  made  by  Bull  (Reference  19)  for  different 
Mach  numbers  and  boundary  layer  displacement  thicknesses,  S*,  and  these  results 
are  presented  m  Figure  17.  The  exponential  function  in  Equation  (4.11)  is  a  close 
approximation  to  Hus  curve.  Similar  data  are  presented  in  Figure  18  for  the  maxi¬ 
mum  lateral  space-time  correlation  and  Equation  (4.12)  closely  approximates  this 
curve.  It  should  be  noted  that  Equations  (4.71)  and  (4.12)  indicate  that  the  area 
over  which  the  pressures  can  be  considered  correlated  is  large  for  low  frequency 
components  and  small  for  high  frequency  components;  and  hence,  the  correlation 
varies  inversely  with  convection  velocity  Uc. 

0  ?5ICOLVOWC/  Uc„FOfiB  ,ar9Cr  eddiC5'  “■  ,OW  components,  i, 

0.9  U  and  for  the  smaller  eddies,  associated  with  the  high  frequency  pressure 
components  is  0.6  U  . 

o 

Although  convection  velocity  has  been  found  to  vary  with  both  frequency  and  spatial 
separation,  in  the  present  study  it  is  recommended  that  Bies  formula  be  used  (Refer¬ 
ence  21)  which  ignores  spatial  separation; 


where; 


c  I  c 

o  n 

- 

^  0.6984  J 

(£P 

(4.15) 

• 

6*  = 

\ 

8 

for  M  <  1 

(4.16) 
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(1.3  +  0.43M2)  ^ 

10.4  +  0.5  M*  [l  +  2  x  10"*  Rex] V3 


for  M>1 


and  6^  is  as  defined  by  Equation  (4.6) .  A  curve,  based  on  ibis  empirical 
formula  is  shown  in  Figure  19. 


It  is  important  to  note  that  the  narrow-band  ccrrelation  data  obtained  by  Mcestrello 
have  not  been  measured  at  values  of  u  6fa/Uc  ^  °*2'  ,f  ^  be  se€n  thaf  1f 
small  values  were  substituted  in  Equations  (4.11)  and  (4.12),  very  large  correlation 
lengths  would  result.  In  physical  terms,  a  correlation  length  <y  eater  than  the  boundary 
layer  thickness  would  not  be  expected,  therefore  law  frequency  correction  factors 
must  be  applied  to  these  two  equations.  Bull,  (Reference  19)  has  presented  mea¬ 
sured  asymptotic  values  of  the  narrow  band  longitudinal  and  lateral  correlation 
coefficients  for  small  values  of  K  u/Uc  and  nVUc  •  These  data  are  presented  in 
Figures  20  and  21 ,  and  based  on  this,  the  corrected  expressions  for  the  space 


correlation  coefficients  are 

(Reference  15) 

C  ;u)  =  exp  £- 

if'  tr-Hiin-* 

(4.18) 

C  (q;«)  =  exp£  - 

(4.19) 

j 


A  comparison  of  the  broadband  longitudinal  space  correlation  coefficient  for  Mach 
0 .59  and  Mach  3  .45,  obtained  by  Kistler  and  Chen  (Reference  28)  is  shown  in 
Figure  22,  the  data  having  been  corrected  for  momentum  thickness  and  convection 
velocity.  The  close  agreement  obtained  for  the  two  Mach  numbers  suggests  thaf  the 
range  of  velocity  expressed  in  Equations  (4.18)  ond  (4.19)  can  be  extended  to  include 
supersonic  flews. 

In  order  to  generalize  the  mathematical  relationships  developed  so  far,  it  is  convenient 
to  rewrite  Equations  (4.18)  and  (4.19)  in  general  functional  forms  and  to  express  these 
correlation  coefficients  in  terms  of  non-dimensional  separation  distances  (  and  t]  . 
The  resulting  expressions  are; 

C(£;u)  =  exp  ^-6x  |?jJcos  yx?  (4*20) 

C  (n;u)  =  exp  jli|J 
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where; 
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L  u 
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5  =  S/Lx 
"n  =  n/i-y 


(4.21) 


d.  Correlation  Length  and  Coincidence 

the  narrow  band  space  correlation  function  R  {£  ,  q;  u)  can  be  thought  of  physi¬ 
cally  as  a  measure  of  the  time  average  value  of  the  relative  phase  between  pressures 
acting  at  two  points  (jc,  y)  and  (x1 ,  y')  which  are  separated  by  component  distances 
£  and  q  .  This  implies  that  the  pressure  acting  at  any  point  (x‘,  y')  within  the 
central  region  of  positive  correlation  will,  over  a  long  time  average,  be  in-phase 
for  an  R  fraction  of  this  time  with  the  pressure  acting  at  the  center  (x,  y)  of  the 
region.  The  correlation  length,  Cj^,  is  defined  as  equal  to  that  length  over  which 
the  excitation  may  be  considered  as  perfectly  correlated  in  space,  i  .e.,  the  cor¬ 
relation  length  times  unit  correlation  is  equal  to  the  area  under  the  normalized  space 
correlation  curve.  Thus  for  boundary  layer  turbulence  the  correlation  length  in  the 
flow  direction  is. 


Cl  = 


2S* 


6'  +  y 

X  *x 
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and  the  correlation  length  at  right  angles  to  the  flow  is. 
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(4.22) 


(4.23) 


where,  8,8,  -wd  y 
y  x  lx 


are  as  defined  by  Equation  (4.21). 


When  the  pressure  correlation  lengths  are  equal  to  the  bending  half  wave  lengths 
of  the  structure  for  c  particular  mode,  the  pressures  are  on  the  average  spatially 
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correlated  with  the  bending  deflection  shape  of  that  mode.  This  condition  results 
in  a  maximum  joint  acceptance  for  the  mode,  end  when  this  condition  also  occurs 
at  or  near  the  resonant  frequency  of  the  made,  the  modal  response  Is  a  maximum, 
thus  producing  what  Is  commonly  called  coincidence.  It  can  be  shown  that  wave 
length  matching  at  resonance  for  a  finite  panel  causes  the  bending  wave  propagation 
velocity  to  be  equal  to  the  surface  pressure  convection  velocity;  this  is  often  used  as 
the  basic  definition  of  coincidence. 

The  typical  pressure  wave  length  can  be  denoted  by  A  =  Ug/f  ,  where  Uc  is  the 
convection  velocity  aid  f  some  arbitrary  excitation  frequency.  Now,  if  the  elastic 
wavelength  of  the  m-th  axial  mode  is  defined  as  -  2  i^/m,  where  is  the 
structwal  dimension  in  the  x-directicxi ,  then  the  elastic-to-pressure  wavelength 
ratio  is 


K_  2<*f 

\  -Uc  ' 

The  condition  of  coincidence  occurs  when  the  elastic  and  pressure  wavelengths  are 
equal,  I.e.,  when; 
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THE  JET  NOISE  ENVIRONMENT 


(4.24) 


a .  Introduction 

The  noise  field  produced  by  a  jet  engine  con  be  divided  into  three  broadly  distinct 
regions,  described,  with  the  aidof  Figure  23,  as  follows: 

(1)  Close  to  the  Jet  Boundary 

The  pressure  fluctuations  in  this  region  ore  strongly  influenced  by  the  convection  of 
the  hydrodynamic  turbulent  field .  The  region  extends  to  approximately  two  jet 
diameters  out  from  the  boundary  end  downstream  to  a  plane  about  15  diameters  dawn 
the  nozzle  exit  plane. 

(2)  The  Near  Field 

The  near  field  includes  no1  only  outwardly  propagating  waves,  but  also  local  recipro¬ 
cating  motions  and  pressure  fluctuations,  such  as  may  be  directly  induced  by  fluctuating 
vortex  movements  in  the  turbulent  gas  flow .  The  region  extends  to  about  ten  diameters 
out  from  Hie  jet  boundary,  twenty  diameters  downstream  and  ten  diameters  upstream  of 
the  nozzle  exit  plane.  The  position  of  the  outer  surface  of  this  region  is  not  dearly 
defined  and  is  thought  to  be  frequency  dependent  (Reference  29) . 
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(3)  The  For  Field 

In  this  region  the  pressure  and  particle  velocity  are  in-phase,  or  very  nearly  in 
phase,  and  the  acoustic  intensities  fall  off  in  proportion  to  the  inverse  square  of 
the  distance.  Within  a  particular  narrow  band  of  frequencies,  the  far  field  of  any 
noise  source  is  the  region  whose  distance  from  it  substantially  exceeds  two  wave¬ 
lengths  (Reference  30) . 

b.  Overall  Acoustic  Power  Level 

Classicol  aerodynamic  noise  theory,  developed  by  Li gh thill  (Reference  31)  and 
32),  shmrs  that  the  overall  sound  power  of  a  circular  stationary  jet  is  proportional 
to  pp  V8  DVc5  where  p  is  the  ambient  density,  V  the  nozzle  velocity,  D  the 
nozzle  diameter  and  c  tfie  ambient  speed  of  sound.  This  expression  was  derived 
for  subsonic  flow  but,  experimentally,  it  has  shown  remarkable  validity  for  exhaust 
velocities  up  to  twice  the  ambient  speed  of  sound.  At  velocities  higher  than  this, 
the  exponent  begins  to  decrease,  reaching  a  minimum  of  about  3  at  velocities  greater 
than  4,000-5,000  f.p.s. 

It  will  be  noticed  that  Lighthill's  expression  contains  only  one  exhaust  gas  parameter, 
namely  velocity;  two  further  exhaust  gas  parameters  of  some  importance  are  density 
and  temperature.  Theory  gives  a  multiplicative  factor  (p/p^2  for  the  noise  emission 
from  unit  volume  of  turbulence,  where  p  is  the  mean  gas  density,  while  jet  noise 
has  been  found  experimentally  to  vary  approximately  as  ( pj/p  1  for  different  exhaust 
gases,  where  Pj  is  the  nozzle  flow  density.  However,  For  velocities  up  to  approxi¬ 
mately  twice  the  ambient  sound  speed,  the  noise  appears  to  be  independent  of  any 
density  variations  caused  by  a  temperature  change.  The  exact  effect  of  temperature 
on  the  overall  sound  power  is  not  clear,  although  it  is  known  to  have  an  important 
effect  upon  the  spectrum  a.xi  directivity,  (References  33,  34,  and  35) .  Roll  in, 
in  Reference  35,  has  shown  that  the  effects  of  a  temperature  increase,  with  a 
resulting  density  decrease,  tend  to  cancel  so  that  the  overall  level  of  acoustic  power 
is  a  function  of  velocity  clone.  However,  the  SAE  ft-ediction  Method  (Reference 
36)  includes  a  density  correction  based  on  the  square  of  the  density;  this  result  was 
determined  from  experimental  measurements  and  ajyees  with  Lighthill's  analysis. 

These  uncertainties  have  led  to  many  attempts  to  collapse  experimental  sound  power 
data  against  numerous  normalizing  parameters,  many  of  which  are  based  upon  Lighthill's 
parameter,  but  which  include  jet  stream  energy,  momentum  and  mass  flow .  These 
parameters  have  resulted  in  varying  degrees  of  collapse  of  the  data  but  none  shows 
any  particular  advantage  and  any  method  can  be  expected  to  accurately  predict 
power  levels  to  within  2  or  3  dB  for  conventional  jet  geometries. 

Some  typical  experimental  results  for  jet  flow  are  shown  in  Figure  24,  which 
describes  the  total  acoustic  power  generated  by  the  jet  flwv  as  a  function  of  the  jet 
exhaust  gas  velocity.  These  results,  obtained  by  Eldred  (Reference  37)  show  that 
the  acoustic  power  generated  is  proportional  to  the  eighth  power  of  the  jet  velocity 
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for  exit  speeds  up  to  2,000  f.p.s.,  but  that  above  this  exit  speed,  the  power  levels 
con  form  more  to  a  velocity  cubed  law  as  predicted  by  Ffowcs  Williams  and  Ugh  thill 
(References  38  and  39) . 

The  SAE  prediction  method  (Reference  36)  was  developed  from  experimental  mea¬ 
surements  far  application  to  a  wide  range  of  conventional  and  afterburning  turbojet 
engines.  This  method  leods  to  an  estimate  of  the  maximum  octavo  bar  J  sound  pressure 
levels  observed  along  o  200  ft.  sideline.  A  normalized  curve  of  Overall  Sound  Power 
Level,  corrected  for  jet  density  and  nozzle  area  is  also  presented  in  Figure  24,  for 
comparison  with  Eldred's  results.  This  curve  was  calculated  on  the  assumption  that 
the  maximum  overall  directivity,  at  45°  to  the  jet  axis,  is  8  dB .  It  is  apparent  that 
far  velocities  less  than  2,500  f.p.s.  the  SAE  method  over-estimates  the  overall  power 
level  while  for  velocities  greater  than  2,500  f.p.s.  it  under-estimates  the  overall 
power  level;  however,  the  difference  between  the  two  empirical  curves  does  not 
exceed  approximately  3  dB  far  practical  turbojet  operating  conditions.  The  SAE 
method  has  been  found  to  predict  the  octave  band  sound  pressure  level  for  jet  engines 
to  within  5  dB.  It  should  be  noted  that  this  is  the  maximum  sideline  noise  level  and 
the  method  does  not  attempt  to  include  actual  variation  of  the  frequency  spectrum  with 
radiation  angle. 

For  jet  exit  velocities  less  than  2,000  f.p.s.  the  experimental  results  of  Figure  24 
can  be  fitted  by  the  equation; 

QAFWl/unit  nozzle  exit  area  =  77.5  log)e  V  -  85.5  (4.25) 

where  the  nozzle  exit  area  is  in  ft2,  and  V  is  the  exit  jet  velocity  in  f.p.s .  For 
speeds  above  2,000  f.p.s-  the  results  can  be  fitted  by  the  equation; 

OAfWl/unit  nozzle  exit  area  =  32.3log|aV+  62.3  (4.26) 

If  the  density  of  the  jet  exhaust  flow  is  significantly  different  from  that  of  o  typical 
current  engine  then  the  result  should  be  modified  by  adding  the  factor,  (Reference 
36),  20  log,0(p/pT)  where  pT  is  a  typical  current  engine  gas  density  (assumed 

to  be  about  0.001  sluj^ft? )  and  p  is  the  density  of  a  non-typical  gas  flow . 

The  effect  of  aircraft  motion  on  the  sound  produced  is  simply  allowed  for  by  substi¬ 
tuting  the  relative  exhaust  velocity  in  Equations  (4.25)  and  (4.26). 

c.  Frequency  Spectra 

The  overall  sound  field  of  c  jet  engine  shews  maximum  sound  pressure  levels  along  an 
axis  making  an  angle  of  approximately  35  degrees  to  the  jet-flow  direction.  This 
angle  is  found  to  increase  with  increasing  jet  exit  velocity.  However,  the  high  fre¬ 
quency  sound  exhibits  a  peak  at  a  greater  angle  than  the  overall,  and  conversely, 
the  low  frequency  sound  pattern  peaks  closer  to  the  jet  axis.  This  "directivity”  is 


caused  by  the  acoustic  sources  (pressure  fluctuations)  in  the  exhaust  being  ccnvected 
along  in  the  flow .  The  variation  in  angle  for  different  sources  is  due  to  their  location 
in  the  exhaust  flow;  the  higher  frequency  sources  corresponding  to  fluctuations  near 
the  nozzle  exit,  and  the  lew  frequency  sources  to  fluctuations  from  the  slower  down¬ 
stream  flow .  Thus  the  directivities  of  the  individual  sources  are  determined  by  their 
location  in  the  exhaust  flow  and  the  individual  distribution  of  each  frequency  band 
of  sources  must  be  considered  in  the  prediction  of  the  near  field. 

The  normalized  jet  noise  spectrum  adopted  for  the  present  study  is  based  on  the  rest  its 
of  Howes,  etal  (Reference  40)  and  is  shown  in  Figure  25.  The  figure  describes 
the  total  acoustic  power  generated  by  a  single  jet  engine  as  a  function  of  the  Sfrouha! 
number,  the  actual  levels  occurring  at  specific  points  around  the  jet  being  dependent, 
of  course,  on  the  direction  of  radiation . 

d.  Prediction  of  the  Free-Held  Sound  Pressure  Levels 

The  prediction  technique  is  based  on  division  of  the  exhaust  flew  into  a  series  of 
uncorrelated  source  regions,  and  the  allocation  of  a  spectrum  of  sources  in  each 
regior.  This  breakdown  is  complex,  but  because  it  is  based  on  boundary  and  near 
field  measurements,  does  appear  to  give  a  satisfactory  description  of  the  resultant 
noise  field .  This  technique  was  originally  used  to  study  the  near  field  noise  of  jets 
(Reference  41)  and  the  acoustic  loading  on  space  vehicles  due  to  exhaust  flow 
noise  (Reference  42).  The  source  allocation  is  given  by  the  two  normalized  spectra 
shown  in  Figures  26  and  27,  from  Reference  41) .  These  spectra  are  for  the  two 
bcsic  flow  regions  of  the  jet;  the  upstream  region  near  the  nozzle  where  the  jet  is 
driven  by  the  are  flaw,  and  the  downstream  transition  region.  The  results  for  the 
upstream  flow  shew  a  normalization  on  the  basic  jet  flow  parameters  and  the  distance 
downstream  from  the  nozzle .  The  results  For  the  transition  region  show  that  the 
spectrum  is  independent  of  downstream  position  in  the  jet  flow .  The  latter  result  is 
limited  to  the  transition  region,  following  the  initial  core  region,  and  must  not  be 
confused  with  the  downstream  fully  developed  flow  which  begins  some  40  jet  exit 
diameters  dewnstreom  of  the  nozzle  exit  plane.  Analytical  studies  of  this  latter 
region  (References  43  and  44)  hove  shewn  that  the  sound  power  per  unit  jet 
length  is  inversely  proportional  to  the  seventh  power  of  the  distance .  For  the  transi¬ 
tion  region  which  is  the  region  of  interest  here,  it  has  been  shewn  that  the  sound 
power  generated  is  inversely  proportional  to  the  third  power  c  the  distance  (Reference 

41). 

Before  being  able  to  make  use  of  the  normalized  spectra  it  is  first  necessary  to  deter¬ 
mine  (he  total  acoustic  power  generated  per  unit  length .  The  total  power  per  segment 
in  terms  of  the  core  length  of  the  jet  is  described  in  Figure  28.  This  core  length  is 
given  by  an  empirical  expression  derived  by  Eldred  (Reference  41)  as  follows; 
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(4.27) 


*,  -  [«-»(!-  0-38 «/%][ tH"] 

whore; 

is  the  distance  from  the  nozzle  exit  plane  to  the  core  tip 

M  is  the  exit  Mach  number 
© 

r  is  the  radius  of  the  jet  nozzle 

e 

and  e  is  the  ratio  of  the  aircraft  to  jet  velocity. 


The  free-field  sound  pressure  level  at  a  point  0  can  he  calculated  as  follows  tee 
Figure  29); 

0)  Define  the  jet  mixing  pattern  in  terms  of  the  core  length  x^ 

(2)  Divide  the  jet  into  at  least  twelve  se^nents  each  of  length,  say  xt/3. 
at  Is  recommended  thot  the  core  be  divided  into  at  least  3  segments). 

(3)  Determine  the  variation  of  the  overall  acoustic  power  per  unit  axial  distance 
and  per  unit  nozzle  area,  as  a  function  of  the  downstream  position  in  the  jet, 
using  Figure  28.  Thus,  determine  the  overall  acoustic  power  in  each  segment. 

(4)  Compute  the  normalized  power  spectra  for  each  source  in  the  jet  flow  and  for 
each  octave  band  center  frequency,  using  Figures  26  and  27.  Since  these 
spectra  are  of  one  cycle  bandwidth,  it  Is  necessary  to  add  the  appropriate 
corrections  to  convert  them  to  full  octave  band  spectra . 


(5)  Finally,  the  sound  pressure  level  at  a  point  in  the  free-field  is  obtained  from 
the  relation  (Reference  41); 


SPLW  =  L 


where; 


12 


?=1 


j  PWl^  +  10  log^f.  (9.)-  10  logio4  ir  R? 


+  0.5  }  dB.  re:  0.0002  dyne%^cm2  (4.28) 


WL^ 

i 


acoustic  power  of  the  i-th  segment  for  the  k-th  octave 
(dB,  re:  10" 13  watts). 


10  log  f.  (9.)  =  directivity  for  the  appropriate  position  in  the  jet  flow,  obtained 
directly  in  dB  from  Figure  30,  (Reference  41)  as  a  function 
of  •  the  modified  axial  Strouhal  number,  and  the  angle  0. 
from  the  forward  axis  (see  Figure  29) . 
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Pressure  Levels  on  Fuselage  Structures 


SSSaa-ssahEss StSSa, 

Wing-Mounted  Engines 

A  typical  fuselage  and  engine  configuration  for  this  case  is  shown  in  figure  31 

sttZZr  *•  fc-*~  - *•  ^ 


P  =  P_  e 


,i  k  (x-ct) 


where 


(4.29) 


and 


k  is  the  wove  number  of  the  particular  source  -  2v/\ 

X  is  the  wavelength  =  c/f 
e  is  the  speed  of  sound 
t  is  time 

x  is  the  distance  in  the  direction  of  propagation  (see  Figure  32) 


if**?  V  H’e  n0fmal  ta  *e  wave  "<*«  an  angle  p  to  the 
normal  to  the  axis  of  the  fuselage.  The  point  on  the  surface  of  the  Lelage  is  given 
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fay  (a,  z,  f),  where  o  is  the  radius  of  the  fuselage,  z  is  the  dimension  along  the 
axis,  and  $  is  the  angle  around  the  fuselage  measured  from  the  projection  of  the 
line  joining  the  source  to  the  fuselage  on  the  perpendicular  cross-section.  When 
the  angle  f  is  zero,  the  point  is  on  the  far  side  of  the  fuselage,  completely  hidden 
from  the  source  . 


The  solution  for  the  scattering  case  can  be  shown  to  be  (Reference  42); 
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skacosS 

m=0 


”c  e  ! 
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(4.30) 


where  C*  and  y*  are  functions  of  k  a  cos  8, 
m  #m 


=  2  JJ*  (ka  cos  p)  +  N*  (ko  cos  P)j  (4.31) 
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(4.32) 

(4.33) 


(4.34) 


where 

J  and  N  are  first  and  second  kind  of  Bessel  functions 
z  is  the  axial  distance  along  the  fuselage 

♦  is  the  angle  around  the  fuselage  from  the  projected  direction  of 
propagation  of  the  wave  on  a  circular  section  (i  .e. ,  the  wave 
impinges  directly  on  the  cylinder  at  the  angular  point  f  =  *  radians) . 


This  result  was  developed  from  that  given  by  Morse  in  Reference  14;  for  u  normally 
incident  plane  wave  scattered  by  a  cylinder,  by  Potter  in  Reference  42  end  proved 
mathematically  by  Wenzel  in  Reference  45. 


?e  actual  pressure  variation  on  the  fbseiaqe  surface  Is  aiven  h„  tU _ i _ .  , 

<4;*»  ■  &  should  be  note.  *„  £s 

"-T  °  'T  ^  ™««d  ..gim  •„  ~  5l 

rigid.  Which  is  not  the  case  in  pra^  The 7“-°^^/°  be 
Equation  (<  .30)  can  be  reduced  to  a  simpler  basic  form  as  follows; 

^rX^rMs””  **  Pto» 


where; 


P  = 

A  = 

<t>  = 


A  cos  (2  ir  f  t  +4>) 

(X2  +  yV/* 

T«n-'  (x) 


(4.35) 


and 


x  = 

y  = 


D  (EG-FH) 
0o(FG+EH) 

4  P 


D  = 
o 

uka  cos  p 

E  = 

m 

\  ^  cos  m  4> 
i^Lr  C‘ 

m=0  m 

„„  (-r;  ♦  ZX) 

F  = 

CO 

\  cos  m  <f 

/—l  C' 

m=0  m 

COS  (~y‘  +  -?  m  \ 

\  ">  2  j 

G  = 

cos  (kz  sin  p) 

H  = 

po  = 

sin  (k  z  sin  p) 

free-fleld  pressure  calculated  from  the  distributed 

(4.36) 


source  theory. 
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Fuselage  Mountei  Engines 

In  this  case  the  engines  will  be  so  close  to  the  fuselage  that  the  technique  of 
scattering  is  not  suitable.  However,  since  the  structure  adjacent  to  the  jet  is 
loaded  by  the  sources  in  the  immediate  vicinity,  the  source  allocation  method 
can  be  used  for  determining  the  ffee-field  sound  pressure  level  and  conversion 
to  fuselage  pressure  loadings  may  be  achieved  by  use  of  a  simple  equation .  For 
an  obliquely  incident  wave,  as  shown  in  Figure  33,  the  pressure  at  a  point  on 
the  fuselage  surface  may  be  determined  from  the  equation; 

P-  P0  (C°s2-°---^-)  (4.37) 

where  a  is  the  angle  between  the  wavefront  and  the  tangent  to  the  surface, 

-V2  £  c  4  st/2,  and  PQ  is  the  Eree-field  pressure  calculated  from  the  distributed 
source  theory.  The  resulting  pressure  loading  on  the  fuselage,  obtained  from  Equation 
(4.37)  is  shown  in  Figure  33. 

f .  Narrow-Sand  Pressure  Correlation  Patterns 

Two  methods  af  describing  the  correlations  are  presented  in  this  section;  an  analytical 
representation  based  an  the  calculated  pressure  levels  occurring  at  the  fuselage  sur¬ 
face,  and  an  empirical  representation  based  on  experimental  measurements  in  the  near 
field. 


(1)  Analytical  Definition 


The  expression  developed  by  Potter  (Reference  42}  for  the  pressure  acting  on  the 
fuselage  surface,  i.e.,  Equation  (4.35),  can  be  used  to  define  the  pressure  correlation 
pattern  simply  by  comparing  the  pressures  at  any  two  points  on  the  surface.  Consider 
two  points  on  the  fuselage,  say  X  and  X' ;  the  correlation  coefficient  of  the  acoustic 
pressure  (far  the  scattered  case)  far  one  source  is; 

fVf 

J  Acos(2»ft+4>)  A*  cos  (2«ft  +  4>')dt 

* =  i  r  vf  .  }  2  ,  jV*~' 

A2  cosI(?'*ft+^)dtf  ij  A' WCfft+^Wt 

0  7  '0  ’ 


A  A*  cos  (<S>  -♦’) 

{a2}’/*  {a’2}1/2 


(4.38) 

(4.39) 
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Now,  if 


A  =  A',  then  R  =  =  cos  (4>  -  <$')  (4-40) 

A2 


For  a  series  of  n  un  correlated  sources  of  the  same  frequency; 
n 

SA2  cos  (<t>  -  <t>‘  ) 
m  m  m 

_ 

n 

y  a2 

C-d  m 

ITFf 


(4-41) 


i  .e.,  each  correlation  curve  for  each  source  is  weighted  by  its  overall  pressure  and 
then  the  covariances  are  added  and  the  result  normalized. 

A  final  simplification  is  possible  in  calculating  the  correlation  patterns  from  these 
expressions  by  determining  the  correlation  coefficient  in  two  directions,  one  longi¬ 
tudinally  along  the  fuselage  parallel  to  the  axis,  and  the  other,  laterally  around 
the  fuselage.  For  the  case  of  the  longitudinal  correlations  the  angle  9  is  fixed 
for  all  points.  Then  if  the  sources  in  the  stream  are  far  enough  away  from  the  fuse¬ 
lage  that  the  inclination  angle  p  can  be  assumed  constant,  the  same  values  for  the 
factors  D^,  E,  and  F,  can  be  used  for  all  sources  of  the  same  frequency. 

Similarly,  when  the  lateral  correlations  around  the  fuselage  are  calculated,  the 
angle  {3  can  again  be  assumed  constant,  and  it  will  be  possible  to  fix  the  values 
of  the  factors  D,  G,  and  H  far  a  series  of  sources  at  the  same  frequency. 

(2)  Empirical  Definition 

The  experimental  narrow-band  pressure  correlation  data  obtained  fa  date  are  sum¬ 
marized  in  Figure  34,  which  shows  the  positions  relative  to  the  jet  nozzle  plane 
where  the  measurements  were  carried  out.  These  data  were  obtained  by  Howes, 
efal. (Reference  46),  Cox,  etal.,  (Reference  47),  and  Clarkson  and  Ford  (Refer¬ 
ence  48).  While  the  narrow -band  longitudinal  pressure  correlations  are  available 
at  most  of  the  points  indicated  in  Figure  34,  the  correlations  in  the  lateral  direction 
(!  .e.,  along  an  axis  perpendiculcr  to  the  plane  of  the  figure)  are  available  only  at 
two  points,  both  of  which  He  on  the  jet  boundary. 

In  the  above  references,  all  the  correlation  data  were  plotted  with  the  ratio  of 
separation  distance  to  nozzle  exit  diameter  as  abscissa .  If  the  longitudinal  correlation 
data  are  re-plotted  as  a  function  of  a  non-dimensional  frequency  parameter  u£/  c, 

(whore  u  is  the  center  frequency,  C  is  the  longitudinal  separation  distance  and  c 

is  the  speed  of  sound  in  ambient  air),  a  relatively  high  degree  of  collapse  isobtained,  as  shown 

in  Figure  35.  In  some  coses,  where  the  original  longitudinal  correlation  axis  was 
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parallel  to  the  jet  boundary,  the  results  were  projected  so  that  the  axis  was  parallel 
to  the  jet  centerline.  Similarly,  the  lateral  correlation  data  display  a  reasonable 
degree  of  collapse  when  plotted  as  a  function  of  ur/c,  (where  rj  i$  the  lateral 
separation  distance),  as  shown  in  Figure  36.  It  is  noticed  in  Figure  35  that 
all  the  correlation  data  lie  predominantly  along  a  single  curve  except  for  point 
number  5  on  the  near  field  boundary .  The  equation  to  this  curve,  which  may  be 
regarded  as  the  average  narrcw-band  longitudinal  correlation  coefficient  in  the  near 
field,  is; 

C&u)  =  exp  [-0.0955  cos  J  0.715  J  (4.42) 

The  marked  difference  in  correlation  exhibited  by  point  number  5  is  due  substantially 
to  the  effects  of  spherical  radiation;  in  other  words  the  longitudinal  correlation  scale 
depends  upon  the  angle,  6,  which  the  correlation  traverse  line  makes  with  the  line 
joining  the  reference  point  to  the  source,  (see  Figure  34).  Consequently,  the 
correlation  lengths  increase  os  the  correlation  reference  point  moves  around  to  a 
point  on  the  normal  to  the  jet  centerline.  Typical  values  of  the  distance  to  the 
first  zero  crossing,  f  £/c,  are  plotted  in  Figure  37  as  a  function  of  the  angle 
between  the  line  joining  the  correlation  reference  point  and  the  source  region, 
and  the  jet  centerline;  for  convenience  the  source  region  is  assumed  to  be  a  point 
located  five  jet  nozzle  exit  diameters  downstream  on  the  jet  centerline .  The  data 
shown  in  this  figure  were  obtained  from  References  46,  47,  and  48  and  the  scatter 
is  due  to  filtering  In  the  measurements.  Also  shown  in  the  figure  are  the  Fa.  Field 
approximation,  f£/c  =  0.25/cos  9,  and  an  empirical  curve  fit  to  the  data, 
f?/c  =  0.29/1 .16  -  sin20.  The  empirical  curve  fit  is  shown  for  values  of  9 
between  0  and  180°;  it  is  thus  assumed  that  longitudinal  correlation  lengths  are 
symmetrical  cbaut  a  line  at  right  angles  to  the  jet  axis  some  five-  jet  diameters 
downstream. 

Replacing  Equation  (4.42)  by  the  more  general  form; 

r  ff  v  f  .  uSl  L  «C  I 

C  ff;w)  =  exp^-A  ___J  cos  jB  — —  j 

it  con  be  seen  thcT  the  first  zero  crossing  of  the  correlation  coefficient  occur?  when 
the  argument  of  the  cosine  term  is  equal  to  w/2,  or  when  u  £/c  —  r/2B  .  Using 
this  condition,  in  conjunction  with  the  curve  of  f£/c  versus  0  shown  in  Figure 
37,  values  of  the  constant  B  were  computed  as  a  function  of  9  for  angles 
between  0  and  180°  as  shown  in  Figure  38.  From  this  figure  it  cm  be  seen  that 
Os  0  approaches  90°,  o  minimum  value  of  5  and  thus  a  maximum  correlation 
length  occurs. 

To  verify  the  dependence  of  correlation  length  on  the  angle  0,  values  of  the  con¬ 
stant,  B,  were  computed  for  correlation  reference  paints  1,2,  and  5  in  the  near 
field  (see  Figure  34) .  The  correlation  curves. 
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c  <£;«)  =  exp  0.0955  .^JLj  cos  j  B  j 


(4.43) 


°f  8  T  sW"  In  Fi9un5  39*  If  con  be  seen  from  this 
J*”  1!  fa'r  °9reemen-  between  the  empirical  curves  and  the  experimental 

St  SU"ftSt,n9  **  *="*"  (4-^  55  •  -**«•  fa-  for  the  longitudinal^eTa- 

‘afera,i  Corre,CTtion  coefficients  shown  in  Rgure  36  are  similar  in 
°n9'h^,nal  Corre,at;°°s  b(Jf  differ  in  that  the  collation  lengths  are 

-)•  *  suitable  <£3^*, 
e  equation  to  the  curve  describing  the  correlation  coefficient  is; 


C  (q;«)  -  exp  [-  0.7193  cos  j  0.382  ifJL  j  (4  ^ 

Te^d  lf,E^i^°nS  <4"43)  ^  (4-44)  ,n  terms  0f  non-dIm«"s»coal  separation  distances 


where; 


c  (?;u)  =  exp 

hi?C 

I  cos  n< 

i«i 

(4.45) 

C  (%  «)  -  exp 

bK 

cos  r  1 

!  y  1 

(4.46) 

u  L 

S  =  0.0955  - — 

x  c 


r  =  B  — - 

x  c 

o  L 

S  =  0.1193  - y- 

y  c 


ry  =  0.382 


r  =  C 


(4.47) 


and  the  constant,  B,  is  determined  from  the  structure-jet  exit  geometry. 
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Since,  (a)  the  use  of  the  analytical  forms  (Equations  4.39  and  4.41)  would  necessitate 
lengthy  computations,  particularly  in  determining  the  joint  acceptances,  and,  (b)  the 
accuracy  of  the  scattering  technique  has  not  been  verified  experimentally,  it  is  recom- 
matded  that  the  empirical  correlation  coefficients  be  used  in  view  of  their  simplicity 
and  tiie  tact  that  they  represent  practical  noise  fields. 

Moreover,  it  is  suggested  that  when  predicting  the  response  of  the  whole  fuselage  to 
jet  noise,  the  average  longitudinal  correlation  coefficient,  defined  by  Equation  (4.42), 
be  since  the  joint  acceptance  of  the  whole  fuselage  can  be  determined  only  when 
the  correlation  pattern  is  homogeneous.  When  predicting  the  response  of  discrete 
sections  of  the  fuselage,  such  as  the  intermediate  and  high  frequency  models,  the 
dependence  of  the  correlation  length  on  the  respective  position  of  the  reference 
point  in  the  near  field  must,  of  course,  be  token  into  account  by  use  of  Equation 

(4.43). 

Finally,  it  should  be  borne  in  mind  that  the  empirical  correlations  put  forward  here 
have  been  based  an  the  available  experimental  data,  which  is  confined  to  the  near 
field.  Longitudinal  correlation  data  in  the  region,  45°  4  8—-  135°,  and  more 
extensive  measurements  of  lateral  correlations  are  two  essential  requirements  needed 
to  substantiate  the  present  predicted  correlations. 

g.  Correlation  Length 

The  correlation  length,  CL,  was  previously  defined  as  equal  to  that  length  over 
which  the  excitation  may  be  considered  as  perfectly  correlated  in  space,  i  .e.,  the 
correlation  length  times  unit  correlation  is  equal  to  the  area  under  the  normalized 
correlation  curve.  Thus  for  the  jet  noise  environment,  the  correlation  length 
in  the  axial  direction  is. 


CL  = 


26, 


8x  + 


L 

X 


and  the  correlation  length  in  the  circumferential  direction  is; 


26v 

CL  6 2  +  r* 

y  y 


L 

y 


where  $x  /  sy  /  7X  '  and 


are  defined  by  Equations  (4.46) . 


(4.48) 


(4.49) 
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REVERBERANT  ACOUSTIC  HELD  ENVIRONMENT 


o.  Equivalent  Reverberant  Field,  Overall  Level  and  Frequency  Spectra 

Since  the  final  response  equations,  developed  in  Section  V  are  in  tfie  form  of  a 
ratio  of  displacement  power  spectral  density  to  excitation  pressure  spectral  density, 
it  is  passible  to  define  on  equivalent  reverberant  field  which  replaces  aerodynamic 
turbulence  or  ic*  noise,  yet  produces  identical  structural  responses .  This  concept 
is  particularly  useful  when  simulating  fluctuating  pressure  environments  in  the 
laboratory  c  when  studying  transmission  loss  characteristics,  since  the  theory  for 
the  latter  is  based  on  reverberant  field  acoustics.  For  example,  subtracting  logarith¬ 
mically  the  ratio  of  displacement  power  spectral  density  to  excitation  pressure  power 
spectral  density  for  the  boundary  layer  turbulence  environment  from  a  similar  ratio 
for  the  reverberant  acoustic  field  environment,  with  the  condition  that  the  displace¬ 
ment  power  spectral  densities  are  identical,  results  in  the  equivalent  reverberant 
field,  expressed  as  o  dB  ratio  of  the  exciting  pressures,  T.e., 


10  log 


S  iju) 

w 

p 


5  fc>) 

-  10  logf^ 

Reverberant  ^ 


=  io  i0g^e-^.Boondary  ^ 

B  ,  p  Reverberant 

Boundary  r 

Layer 


(4.50) 


Thus,  provided  the  spectrum  of  the  fluctuating  pressures  is  known  for  boundary  layer 
turbulence  or  jet  noise  the  computation  of  the  equivalent  reverberant  field  is  straight¬ 
forward.  This  technique  has  previously  been  used  (  Reference  49)  to  demonstrate 
that  a  reverberant  field  is,  in  general,  more  efficient  than  boundary  layer  turbulence 
in  exciting  a  fuselage  structure,  especially  above  coincidence  frequencies  at  subsonic 
flight  speeds. 


b.  Narrow-Band  Pressure  Correlation  Coefficients 

In  describing  the  pressure  correlation  patterns  on  a  fuselage  in  a  reverberant  field, 
the  effects  of  diffraction  should  be  included  for  exactness.  Theoretical  expressions 
for  the  pressure  correlations  on  an  isotropic  cylinder  in  a  reverberant  field,  which 
include  the  effects  of  diffraction,  have  been  developed  by  Wenzel  (Reference  45); 
however,  the  numerical  analysis  required  is  prohibitively  long  and  extension  oF  this 
theory  to  ewer  the  case  of  a  stiffened  fuselage  structure  is  therefore  not  justified . 

In  order  to  obtain  tractable  mathematical  expressions  for  the  joint  acceptances  and 
generalized  forces,  it  is  assumed  that  the  pressure  correlation  functions  may  be 
approximated  by  those  of  an  infinite  flat  plate .  The  magnitude  of  the  error  introduced 
by  this  assumption  is  Inversely  proportional  to  frequency,  though  it  is  shown  later  that 
in  general  it  can  be  disregarded. 
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The  pressure  space  correlation  C  (r;u)  for  a  diffuse  field  acting  on  an  infinite  plate, 
as  derived  by  Eckart  (Reference  50),  is; 


C(r;«)  =  5,0  (2*r)_ 

2«T 


(4.51) 


r  =1T 

X  =  acoustic  wavelength  =  c/f 
r  =  distance  between  two  points  on  the  flat  surface . 

It  will  be  noticed  from  the  above  equation  that  the  correlation  pattern  about  a  point 
on  the  surface  is  circular  since  the  equation  is  independent  of  the  polar  orientation 
an  the  line  between  the  points.  The  cylindrical  geometry  of  the  structure  and  the 
circular  symmetry  of  the  correlation  pattern  also  leads  to  lengthy  expressions  for  the 
generalized  forces.  Consequently,  further  simplification  is  afforded  by  separating 
Equation  (4.51)  into; 


C(r;«)  = 

C  (£;«)  -  C  (q;  u) 

(4.52) 

II 

|VA 

>w* 

sin  (21  f-  C) 

(4-53) 

L 

C  (q;  *»)  = 

s5n(2*  -r  ' ) 

(4.54) 

1 

where  C  =  C/l*; 

7\  =  nAy;  5  =  *-x';  n  =  y-y'  • 

In  justifying  the  use  of  these  approximate  forms  for  the  correlation  coefficients,  it  is 
of  interest  to  compere  numerically  Equations  (4.53)  and  (4.54)  with  the  more  exact 
forms  obtained  by  Wenzel  {Reference  45).  The  narrow -band  longitudinal  and 

lateral  pressure  correlation  coefficients  on  the  surface  of  a  cylinder,  obtained  by 
use  of  the  above  equations,  are  compared  with  the  results  of  Wenzel  in  Figures 
40  and  41  respectively.  It  is  noticed  that  the  lateral  correlations  display  some 
sensitivity  to  diffraction  effects,  while  the  longitudinal  cprrelations  do  not.  How¬ 
ever,  the  lateral  correlation  coefficient  does  folio*  the  general  frequency  variation 
indicated  in  Equation  (4.54)  and  the  resulting  error  caused  by  the  simplifying  assumptions 
is  not  considered  to  be  significant  for  structural  response  predictions. 
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c .  Correlation  Length 

Applymg  the  definition  that  the  correlation  length  times  unit  correlation  is  equal 
to  the  area  under  the  normalized  space  correlation  curve;  the  correlation  length 
in  the  longitudinal  direction  is 


and  the  correlation  length  in  the  circumferential  direction  is 


(4.55) 


CL  = 


u  L 


(4.56) 


A  typical  pressure  wavelength  Is  denoted  by  X  =  c/f,  where  c  is  the  speed  of 

sound  and If  some  arbitrary  excitation  frequency.  New,  the  elastic  wavelength 
of  the  m-th  axial  mode  is  defined  as. 


2  L 


X  = 
e 


m 


Sr  Lx  I *  length  In  the  *-^~tion  and  m  is  the  number  of  axial 

half-wavelengths.  Then,  coincidence  is  defined  as 


=  1 


Thus, 


2  L  f 


m  c 


-  =  1 


So  that  the  coincidence  frequency  may  be  defined  as, 
r  _  me 

TT 


85 


V*kv4»> 


a 

c 

f 

w 

k 

m 


rms 


LIST  OF  SYMBOLS 

LIST  OF  SYMBOLS  USED  IN  SECTION  IV 

fuselage  radius 
ambient'  speed  of  sound 
frequency  -  Hz 
directivity  index 

wavenumber  ( =  2  ir/X) 
axial  mode  number  or  integer 
free  stream  static  pressure 

root  mean  square  level  of  fluctuating  pressure 

dynamic  head  (  =  0.5  p  U2  ) 

O  o 

separation  distance  for  a  plate  in  a  reverberant  acoustic  field 
radius  of  jet  nozzle 


f 

—  a  dimensionless  separation  distance 


*»  y,  z 
A 


time 

Cartesian  coordinates 


E 

F 

G 

H 

B 


constants  defined  by  Equation  4.36 


a  constant 


C(^.^,C(q;u)  narrow-band  space  correlation  coefficients 


m 


a  function  of  ko  cos  P  (defined  by  Equation  4.32) 

correlation  length 

jet  nozzle  exit  diameter 

86 


Bessel  function  of  the  first  kind 

structural  dimensions  in  the  x  ond  y  directions 

Mach  number 

exit  Mach  number 

Bessel  function  of  the  second  kind 

instantaneous  pressure 

free  field  sound  pressure 

acoustic  power  level 
correlation  function 

Reynolds  number  based  on  distance  from  the  leading  edge 

distance  between  the  center  of  the  I-th  segment  and  o  reference  point 
in  the  free  field 

firse  stream  velocity 
convection  velocity 
jet  exit  velocity 

angle  between  the  wavefront  and  a  tangent  to  the  surface  (for  fuselage 
mounted  engines)  (see  T  gure  33) 

angle  between  the  normal  to  the  wave  and  the  normal  to  the  axis  of  the 
fuselage  (see  Figure  32) 

correlation  parameters  defined  by  Equations  (4.21)  and  (4.46) 

function  of  ka  cos  (defined  by  Equation  4.34) 
boundary  layer  thickness 
boundary  layer  displacement  thickness 
ratio  of  aircraft  to  jet  exhaust  velocity 


■spatial  separations  in  x  and  y  directions  respectively 
non-dimensional  spatial  separations 

angle  which  correlation  trov  .rse  line  mokes  wiih  the  line  joining  the 
correlation  reference  poi  nt  fc  the  source  (see  Figure  34) 

angle  between  the  forward  jet  axis  and  the  l:ne  joining  the  i-th  segment 
to  a  point  on  the  structure  (see  Figure  29) 

momentum  thickness 

acoustic  wavelength 
elastic  wavelength 

pressure  wavelength 

kinematic  viscosity 
mean  gas  density 
free  stream  ait  density 

air  density  near  sites  of  most  intense  eddies 

nozzle  flow  density 

typical  engine  gas  density 

time  delay 
wa  1 1  shear  stress 

angular  distance  around  fuselage  (see  Figure  32) 

circular  frequency  (rods/ sec) 
typical  circular  frequency 

frequency  bandwidth 
time  average 
modulus 

function  defined  by  Equation  (4.36) 
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SECTION  V 


THE  RESPONSE  EQUATIONS 

Wh«n  analyzing  the  vibration  response  of  linear  structures  to  oscillatory  applied 
loads,  it  is  convenient  to  express  the  total  response  as  the  summation  of  the  responses 
of  the  individual  modes  and  to  assume  that  each  mode  responds  independently  of  all 
other  modes.  Cnee  the  natural  frequencies  and  deflection  shapes  are  known  far  all 
modes,  the  problem  reduces  to  one  of  determining  the  responses  of  a  set  of  general¬ 
ized  single  degree  of  freedom  systems,  each  of  which  is  excited  by  a  generalized 
applied  load. 

In  a  rigorous  sense,  this  classical  method  is  valid  only  if  coupling  between  the  modes 
of  vibration  does  not  take  place.  When  the  resonance  frequencies  of  adjacent  modes 
are  well  separated  and  the  damping  is  relatively  small,  it  is  usually  assumed  that  the 
damping  coupling  between  modes  is  sufficiently  small  to  be  neglected. 

When  the  modal  response  bandwidths  overlap,  such  as  for  the  higher  order  modes  of 
a  complex  structure,  significant  damping  coupling  between  modes  con  occur.  How¬ 
ever,  the  total  energy  associated  with  any  two  such  modes  is  very  nearly  the  swne 
with  or  without  damping  coupling,  particularly  if  the  modes  are  excited  to  approx¬ 
imately  the  same  response  level.  The  primary  influence  of  the  damping  coupling  is 
to  create  a  significant  cross-coupling  or  cross-correlation  between  the  instantaneous 
response  amplitudes  of  any  two  such  modes. 

In  the  present  analysis,  the  classical  method  is  adopted  to  treat  systems  having  a 
large  number  of  modes  whose  natural  frequencies  are  closely  spaced  and  whose  band- 
widths  may  overlap.  It  Is  assumed  that  the  mean  square  response  amplitude  of  each 
mode  can  be  obtained  independently,  and  that  the  summation  of  these  mean  square 
responses  is  insensitive  to  damping  coupling  between  modes.  The  total  mean  square 
response  of  a  structure  at  any  point  depends  upon  the  summation  of  the  mean  square 
modal  responses  and  upon  the  summation  of  the  cross-correlations  between  pairs  of 
modes.  The  latter  term  is  in  some  cases  significant;  however,  each  term  in  this 
summation  becomes  equal  to  zero  when  the  space  average  of  the  mean  square  response 
is  obtained.  The  cancellation  of  modal  cross -correlations  for  space  average  response 
is  due  to  orthogonality  between  the  modes. 

Thus,  in  the  following  sections  expressions  for  the  space  average  of  the  mean  square 
structural  responses  are  developed  for  each  of  the  equivalent  structural  models. 

RESPONSE  OF  THE  OVERALL  FUSELAGE  MODES 

a.  Displacement  and  Acceleration  Power  Spectral  Densities 

Consider  the  structural  response  of  a  stiffened  cylinder  in  the  absence  of  any  cou¬ 
pling  with  the  Internal  air  mass.  The  instantaneous  radial  acceleration  w(x,y,t) 
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at  a  point  (x,y)  on  the  cylinder  surface  can  be  written  os  the  linear  summation. 


w(x,y,t)  -  5Z  *<"n;(x,y>  Wf)  (5J) 

mni 

where  i  -  1  or  2  and  (mn)  denotes  all  the  modes  of  interest.  The  mode  shape 
^mni  '*  05  by  eqoat'00  (2- 15)  in  Section  1 1 .  Writing  the  product 

[w(x,y,t) .  vKx,y,t  +  t)J  in  series  form; 

w(x,y,t) .  w(x,y,t  +t)  =  ^  £  *mni(*'y)  ^j(x'y)  Wf)  ’  <rsjW  (5  2) 

mni  rsj 


Time-averaging  this  equation  leods  to  the  autocorreletion  function  for  the  acceler¬ 
ation  at  the  point  (x,y)  in  terms  of  the  modal  cross  correlation  function. 


R[**,y,t>,~r]  =  Y,  II  *mni(x'y)+rsj(x'y)  R[i’mni(t)' V*);T]  (5‘3) 

mni  rsj 

Notice  that  when  (mni)  =  (rsj),  the  modal  cross  correlation  function  reduces  to 

the  autocorrelation  function  Rfq  .(t);  rl  for  the  (mni)  mode. 

*"  mni  J 

Taking  the  Fourier  transform  of  each  term  in  the  above  equation  gives  the  power 
spectral  density  of  the  acceleration  at  (x,y)  in  terms  of  the  modal  cross  spectral 
density  function. 


s|w<x,y,t);o  ]  fran|U,y)^y)  S  ^(t).  j  (5.4) 

mni  rsj 

When  (mni)  =  (rsj),  the  modal  cross  spectral  density  function  reduces  to  the  power 
spectral  density  function  for  the  (mni)  mode,  namely  S£q^.(t);u] 


90 


Now  the  space^veroge,  S  [»;«]  of  the  acceleration  spectral  density  is  given  by. 


S[w ;«]  =  J  J  $[w(x,y,fl;W]  dx  dy 


(5.5) 


x=0  y=0 


££ 

mni  rsj 


1  1 

j  J  <?mni(x'y)**rsj(x'y)dJdy 

.  S 

x=0  y— 0 

- 

(5-6) 


Unless  (rsj)  -  (mni)  the  spoce-averoge  indicated  in  the  brackets  is  equal  to  zero 
because  of  the  orthogonality  of  the  modes.  Hence,  the  above  equation  redu-es  to 
the  form. 


M  £ 


mn 


i! 


where,  Y 

mn 


-£rr,„  S 

mn 

=  /  /  K"i(X'y)]Z  dJdy 

x=0  y— o 


(5.7) 


2  }  m  =  1,2,3,  .  ;  n  — 0  ;  i  =  2 


~  ®  '  m  1 , 2, 3, . . .  ;  n  0  ;  ;  =  l 


(5.8) 


—  ;  tn=  1,2,3,...  ;n  =  1,2,3,...  ;i  =  i,2 
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and  qmn(t>  denotes  the  summation  of  qmnJ  (0  and  \,n2W‘ 

The  equation  describing  the  response  of  the  (mm)  mode  has  the  general  form  of  the 
equation  of  motion  for  o  single  degree  of  freedom  system,  namely 


u 


q-W 

mni 


Q 


*mni« 


u2  q  .(0 

mn  mm 


F  -W 

mm 

M  . 

mm 


(5.9) 


where  Q  denotes  the  dynamic  magnification  factor  at  resonance  for  the  (mn) 

mode,  M  .  is  the  generalized  mass  defined  by  equation  (2.21)  and  FmnjC0  is 
mm 

the  generalized  force  defined  by. 


F 


,(♦) 


x=0  y=0 


P(x,y.t).  ^n;(x,y)di*dy 


(5.10) 


where  A  is  the  surface  area  of  the  structure. 

Assuming  that  both  the  modal  acceleration  and  the  generalized  force  are  harmonic 
at  frequency  u,  the  solution  to  the  latter  equation  is; 


q  -W 

mn 


H(U/U^  F  .(t) 


(5.11) 


where 


i 

j 
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®(°/u  )-  Ton  1 

mn 


Q 

mn 


(5.125 


From  equation  (5.11) 
acceleration  is. 


if  follows  that  the  power  spectral  density  of  the  modal 


“  ~1 

r  i 

s 

<L  .(t);o  = 

I— 1 

mni 

u 

.  J 

— 1 

c 

B 

i 

h2(u/u  ) 

mn 

M2  . 

mm 


Fmni(t);u 


(5. 13) 


,he  9"*ra,i2ed  h~ is  *—  - 


fF— iWi“]  ■  f°  '  [F™,W^]  «""T  dT 

-CO 


(5.14 


The  autocorrelation  of  the  generalized  force 


may  ecsi  ly  be  shown  to  be  given  by. 


R  [Fmni(t)'T]  A  j  j  J  J  R  [P(^y,t),P(x',y-,t);T  j  . 


x=0  y=0  x  '=o  y'=0 


•  <pmni(i^^*V;(^,'y,)d^dyd^’dy,  (5.15) 

Sw»S=SSK. 
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S[FmniW;U]  =  A2/  /  /  /  [/  R[P(5,:?'t),P<X 

x=0  y=0  x'-O  y'=0  ”*** 


•  e'5“T  dr  }  •  *mn.(x,y)-  dx-dy-ds'-dy1  (5.1$ 


The  cross-cotre lotion  of  the  pressures  is  a  real  quantity;  however,  the  Fourier 
Integral  of  this  function  will,  in  general,  have  non-zero  real  and  imaginary  parts. 

If  the  applied  pressure  P(x,y,t)  is  a  stationary  function  then  the  space  average  of 

the  imaginary  part  of  this  Fourier  transform  is  equal  to  zero.  To  show  this,  if  is 
first  noted  that  the  statistical  properties  of  stationary  functions  are  invariant  with 
respect  to  time  translations.  Thus,  we  can  write. 


*[p(^y,t),r(*,,y,,0;-']  =  R  [p(x\yM),K;,y,0;  -  t]  (5.17) 


The  Fourier  transform  of  the  pressure  correlation  con  be  written,  (Reference  56), 

/ao 

R  j^P(x,y,t), P(x',y‘,t);  t  j 


-co 


-i  err 

.  e  d  t 


/°°  ( 

R  [p(x,y,t),  P(x‘»yV);Tj  j 


cos  ut  -  i  sin  ut  |  dr 


=  J  Jr  [p(i-,y*,t),  P(J,y,t);T]  +  R[p(x,y,t),P(J',y',t);T]J 


cos  UT  dT 
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GD 

+  !  I"  |R[P(?,yM),pe,y.O;T]  -  R  [p(2,y,0,Pe?,y*,t);T]jd„«n-dT 


(5.1® 


I»is  obvious  that the  double  space  averages.  Indicated  in  equation  (5. 1®,  of  the 
t«o  terms  ,n  the  first  integral  of  equation  (5.  T®  are  equal;  and  similarly,  the 

tte'd^w!ClTeraSeS  irr  termS  In  fhe  SeCOnd  are  equal .  Therefore, 

the  double  space  average  of  the  second  integral  in  equation  (5.1®  is  equal  to 

zero.  Substituting  equation  (5.1®  in  (5.16)  leads  to,  ^ 


r'  r'  -l 


[lWM-A'  J  J  f  /"  Se[PK,y. t),PGV,«;U]. 


x=0  y=0  x‘=0  y'—O 


'  '  d*dyd*'dy'  (5.19) 


wh°:e  P(?,?,t)v]  is  the  cross-spectrum  of  the  applied 

and  is  defined,  J  rr 


pressures 


/QD 

R  [P(i,y,t),  p(x\y',t);  r  j  . 


COS  UT  dT 

(5.20) 


Assuming  that  the  fluctuating  pressure  field  is  homogeneous,  i.e.,  the  power 
spectral  density  of  the  applied  pressure,  S  [P(x,y,t);o]  ,  is  constant  at  all  points 
on  the  structure,  and  can  thus  be  written  os  S[P;o]  .  This  assumption  leads  to 
the  definition  of  a  narrow-band  space  correlation  coefficient. 


_ _ _  ,  Sc[P(^7,t),  P(ii*,y't);U] 

C(x,y;x’,y,,-w)  =  - — - - = - L 

S  [P^J 

Therefore,  equation  (5.1®  may  be  written  as 


(5.21) 


95 


irwwmwr*! 


\ 


s  [wH  =a’sH-  jLjM 


(5-2^ 


where  J2  .(u)  is  termed  the  joint-acceptance  and  is  defined  by  the  integral, 
mm 

JLi(w)  =  /  /  /  /  •  *mnF‘9,) 


x=0  y-0  x  =0  y  —  0 


-  dxdydx'dy* 


(5.23) 


Substituting  (5.25}  into  (5.13)  yields  the  equation  for  the  power  spectral 
density  of  the  modal  acceleration. 


(«)  (5.24 


Finally,  substitution  of  the  above  equation  into  equation  (5.7)  gives  the  space 
average  of  the  spectral  density  of  the  acceleration  response. 


S  w;o 
S  P;o 


E[  Y  Hz  (u/u  ) 

y  — -  .  - 22.  .  J*  .(«) 

mn  “mn  M2  . 
mn  L  J  uni 


(5.25) 


Since  the  mean  square  displacement  and  acceleration  spectral  densities  are  related 
by  the  equation. 


$  £w;u  j  -  u4  S  £w;uj 


the  space  average  of  the  spectral  density  of  the  displacement  response  is. 
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I*;**]  _  .2  l  H  (“/«_) 

fp.ut  A  >  r  — —  2HL 

L  ' “J  /  ^  «nn  u  2 

__  mn  M 

mn  L  .  mni 


.(«) 

mni 


(5.26) 


,he  *?*"[  *peCtr°t  "f  *•  ‘fisplocamenf  ot  a  point  U  y)  on  the 

structure  may  be  shown  from  equotions  (5.5),  (5.8)  and  (5J26)  to  ^ 


"  L  m"  J  M* 

*■  J  mm 


mn; 


(5.27) 


For  the  case  of  structural  couptina  with  the  _•  . 

<5“>  and  (S.S)  ore  -3g.X '°T ‘  VL  ‘T'  <f  f>- 

resonance  frequency,  and  ,he  coopled 


^■nnP 


J  .(m) 

mm 


(5.22^ 


mns 


fcr,Jm.LT!r;„  _^r,  ^  *•  TPH-I  preswrre.  In  rke 

TfT1 «“  id=>«eol  or  nil  poinB  „„ 

Conner  -  **  lt’<  ~  °( J"  ~T  •  *•  floetooHng  prenor.  field 

-e  ier  noi«T^sx;  o^r^r*n^ins  "■vt?”1 

rerpo™  ’SZ*;,  *•’  , 

on  “'““Sen  .M.  rmpec,  ,o 
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b. 


Joint  Acceptances  for  the  Various  Environments 


The  derivation  of  the  joint  acceptance  expressions  is  based  on  the  assumption  that 
the  pressure  correlation  coefficient  can  be  written  in  a  separable  form  such  as. 


C(x,y,x',y';u)  =  C(x,x*;«)  *  C(y,y';«) 


(5.29) 


It  is  also  assumed  that  along  each  coordinate  axis  the  pressure  distribution  is 
statistically  homogeneous  so  that  the  space  correlation  coefficients  are  even 
functions  only  of  the  separation  distance  along  their  respective  axes.  We  can  thus 
write. 


C(x,x’;w) 

=  C(C:u) 

?=  i 

C(y,y*  ;u) 

-  C(fj;o) 

n  =  y 

(5.30) 


Since  the  mode  shapes  may  be  written  in  separable  form,  the  joint  acceptance 
can  similarly  be  written  in  separable  form  (  Reference  57), 


mm  m  ni 


(5.3J) 


J>) 

m 


-  J  j  C(C;<4  *  sin 


mu*  •  sin  mux'  dx  dx‘  (5. 325 


x=0  x'=0 


J>) 


P1  „  I 


/  /  C(n,-u)  *  sin  2nny  *  sin  2nny‘  dydy1  (5.33) 

y= 0  y'-O 


.1 


II  C(rj;u)  *  cos  2mry  *  cos  2mry‘  dydy1  (5.34) 

y=0  y'=0 
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Tiius  we  can  define. 


-  ■>;,<»>  *  J>> 


['  {' 

I  f  cos  2n«T|  dydy' 


(5.35) 


y— 0  y'=0 


The  joint  acceptance  expressions  (5.32}  and  (5.35)  involve  double  integration 
over  one  of  the  coordinate  axes  of  the  cylinder.  Since,  in  both  cases,  the  corre¬ 
lation  coefficient  is  a  function  of  separation  distance  and  since  the  modal  deflection 
functions  are  spatially  harmonic,  the  double  integration  can  be  reduced  to  a  single 
integration, for  an  arbitrary  correlation  coefficient,  by  a  transformation  of  the 
variables  of  integration . 

Consider  the  expression  for  J^(w)  given  by  equation  (5.32) .  The  product 
fsin  mia  »  sin  rmrx’]  can  be  written  as. 


![• 


COS  rrir£  -  cos 


r(2|+  1)] 


where; 

and 


s 

c 


i(x  +  x'  -  1) 


=  X  -  X 


(5.36) 


(5.37) 


Now,  in  equation  (5.32)  the  region  of  mtegration  is  0<x<  1,  and  this  region 
is  shown  in  Figure  42(a).  If  |  and  C  represent  the  new  variables  of  integra¬ 
tion,  tne  transformed  region  over  which  the  integration  is  performed  is  indicated 
in  Figure  42(b). 

The  element  of  area  dx  dx'  is  transformed  according  to  the  Jacobian  equation. 
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dxdx'  — 


11  M 

dx  a;1 


ii  a 

dx  dx' 


* 


{5.3$) 


1/2  1/2 

1  -1 


dfd?  =  |  -  1  [  d|  d  £  =  d|  -  d£ 


(5.39) 


By  integrating  first  with  respect  to  the  limits  of  the  first  integral  ere 

i  ~  ~  ~2  *|^|J  anl^  ?  =  2"  ~  |^|J  '  Ihe  limits  of  Integration  for  the 

vasiobie  ?  are  —I  and  tl.  Thus,  equation  (5 . 32)  con  be  written  os; 

Jin^  =  T  /  I  [=”*  nrnf -c<ps  nw(2|-H)j  d|.  df  (5. 40) 

5“'  r-H'-U’l] 


Performing  the  first  integration  gives; 


J>) 

m 


=  2  ^  ^(?  1^0  “|  ?  | )  cos  mir?  +  j~  sin  ms  |  £  J  d  ?  J  (5.41) 


?=-l 


However,  C(£;u)  is  an  even  function  of  £  so  that  the  latter  equation  reduces  to; 


/I 

C (?;*}  [{1  - 


0  cos  me?  +  —  sin  irm?  d? 


?=D 
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(5.42) 


The  transformation  of  equation  (5.35)  is  achieved  as  follows; 
Substituting  rj  =  y  -  y‘  and  putting  £  =  -^-{y  +  y'  -  1),  we  have; 


dy  •  dy'  =  d|  >  drf 


(5.43) 


and  the  limits  of  integration  are; 


r  —  i  r 

.  1  “  1 

L1  -|n|J  <€<  2"  [ 

1  -  MJ  ;  -1<  n  <  +  l 

Rewriting  equation  (5.35)  with  the  appropriate  substitutions,  and  omitting  the 
subscript  i,  gives; 


(5.44) 


However,  Since  C(q;u)  is  on  even  function  of  q,  the  latter  equation  becomes; 

(1  -rj)  C(ff  ;u)  cos  2™^  dq  (5.45) 

f[=0 

Notice  that  for  breathing  modes  (n=0)  the  above  equation  reduces  to; 
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(1  -i^)  C(fj;w)  dq 


(5.4*> 


J0ZW  =  2 


/ 


(I)  Boundary  Layer  Turbulence 

The  joint  acceptance  of  the  axial  inodes  of  the  fuselage  for  boundary  layer  turbulence 
is  obtained  by  substituting  the  first  of  equations  (4.20),  for  the  correlation  coeffi¬ 
cient  in  the  x  direction  into  equation  (5.420,  performing  the  integration  and 
simplifying  the  clgebraic  expressions,  giving 


J*(«>  = 

m 


-1 -  i 

(m*)z  A2 

x  L 


P  j  i  _{_um  e-&3 
x  < 


{-l)m  e  °x  cos  yx  |  +  4(-l)m  q  e  S*  - 


•  X  A 

5,n  \  ~2  rxAx 


(5.47) 


where; 


■[■-&)'*  (4)' ]'■•&)'&) 

*(—)(—)[’-(— f  +  (— )* 

I  mu  /  irmr  /  I  \mir  f  yirni  / 

=  +  (-M 

\  rrnr  J  I  \mK  )  \mx  / 


and  the  quantities  ,  y^,  are  as  defined  by  equation  (4.21)  in  Section  IV. 


(5.48) 
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This  expression  is  In  agreement  with  that  derived  by  Wilby  (Reference  58) . 

The  joint  acceptance  of  the  circumferential  ring  modes  is  obtained  by  substituting 
the  second  of  equations  (4.20),  for  the  correlation  coefficient  in  the  y  direction, 
into  equation  (5.41},  performing  the  integration  and  simplifying  the  final 
expression,  giving 


[(2™)Z  +  SZJ 


(2m)  -  8  fl  -  e 


[(2-)'  ♦  s’  ]s 


(5.49) 


where  8^  rs  defined  by  equation  (4.21)  in  Section  IV. 

(2)  Reverberant  Acoustic  Field 

The  joint  acceptance  expression  for  the  axial  modes  of  the  cylinder  to  a  reverberant 
acoustic  field  is  obtained  by  substituting  equation  (4.53),  for  the  correlation 
coefficient  in  the  x-  direction,  into  equation  (5-42).  The  resulting  integral 
contains  three  terms  in  the  integrand.  The  first  term  can  be  written  in  terms  of 
cosine  integrals,  the  second  term  con  be  integrated  directly,  and  the  third  term 
can  be  written  in  terms  of  sine  integrals.  The  joint  acceptance  equation  can  thus 
be  expressed  as  fellows; 


J2(u)  =  - 3 - [Cin  J  n(m  +  2L  /X)|  -Cinj*(m-2L  /X)  ] 

m  (2e)2  mL  /X  L  «  X  1  (  X 


it(iii  +  2L^/>)  |  -  SI  j  ir(m  -  2Lx>A)> 


!  1  -(-1)mcos  (2cLx/X) 

(m.)2  l-(2L/mX)2 


(5.50) 


where; 
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I 


« -r 


dx  (cosine  integral) 


XT 

Sm  X-  dx  (sine  integral) 

X 


Th«  joint  acceptance  of  the  circumferential  modes  to  a  reverberant  acoustic  field 
is  obtained  by  substituting  equation  (4.54)  into  (5.45),  as  follows; 


J„<">  " 


Si  j2x(n+LyA)J  -  Si  2s*n-LyA) 


j  I  -  cos  (2  *L  /X) 

2  (n»)z  l-(Ly/nX)2 


at  n  /  0 


(5.51) 


Si  2. LA  1  -  cos  (2*L  /k) 


*L  /X 

y 


2'2  (LyA)2 


at  n  =  0. 


The  sine  and  cosine  integrals  can  be  evaluated  numerically  by  using  power  series 
expansions  for  small  values  of  z(0<z<l)  (see  Reference  59),  rational  fraction 
approximations  far  intermediate  values  of  z(l  <  z  <  50),  and  asymptotic  expansions 
for  large  values  of  z(  >  50) .  The  approximate  expression  used  in  the  numerical 
evaluations  are  summarized  below; 


Si(z)  = 


E  & 


n  z2n+1 


1)  {2n  +  1) 


(5.5? 


=>«  -  E  ^ 


In+1  z2n 


(2n)  (2n)  I 


Si(z)  =  x-  -  f(z)  cos  z  -  g(z)  sin  z 


Ci(z)  =  f(z)  sin  z  -  g(z)cos  z  =  f  — - SS  f- 

1 

Cin(z)  =  y  +  Lnz  -  Ci  (z) 

y  =  Eulers  Constant  =  0.5772156649 


dt 


fiz)  - 


r 


-  / 


Kz)  -  -i- 


-zt 


t2+l 


dtw  j..  g8z8  +  q6z*  +  g4z4  +  azz2+Qo 
Z  bjZ8+  t>6  **  +  b*  z*  +  fc*  z2  +  b0 


00  «  1  C828  +C6z6  +  C4z4+C2z2+C0 

.  dt  »  — 


.■*  +  1 


ir,  .21 

2  L  z2 


z2  d#z*  +d6z6  +d4z4  +djZ2  +dc 

5- . ] 


. ] 


•  1  <  Z  <CD 


,  l<z<a> 


3  <  <  z 


1  <  < ; 


Numerical  values  for  the  constants  a.,  b. ,  c.  and  d.  appearing  in  the  expressions 
f(z)  and  g(z)  ore  tabulated  in  Table  II. 

(3)  Jet  Noise 

The  joint  acceptance  of  the  axial  modes  of  the  fuselage  for  jet  noise  is  obtained 
by  substituting  equation  (4.45),  for  the  correlation  coefficient  in  the  x  direction, 
into  equation  (5.42),  performing  the  integration  and  simplifying  the  algebraic 
expressions,  giving. 


J>)=  — - 

m  (mir)2  A2 


t  i  \  ^  ”5 

(-1)  e  x  cos  y 


•XJ  +  4("1)mv"5x 
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mv 


sin  y 
•  ^ 


r  A  1 
2  J 


(5.53) 


This  expression  is  Identical  in  form  to  J^(»)  for  boundary  layer  turbulence,  except  for 
the  magnitude  of  the  quantities  6^  and  y^,  which  for  this  case  ore  given  by 
equations  (4.47).  In  the  above  expression ,  Ax»  px/  ^  ^  rx  are  determined  from 
equations  (5.48)  with  the  appropriate  values  for  6^  and  y^  substituted. 

The  joint  acceptance  of  the  circumferential  inodes  of  the  foseloge  for  jet  noise  is 
obtained  by  substituting  equation  (4.46),  for  the  correlation  coefficient  in  the  y 
direction,  into  equation  (5.45),  performing  the  integration  and  simplifying. 


J2fc>)  =  F(yy  +  2n»)  +  F(yy-2n») 


(5.54) 


where; 


F(y  ±  2n») 
Y 


-6 

e  y 

K  -  v2nil1 

^  cos 

(ry  i  2nir) 

S2  +  (y  ± 

y  y 

2  mi)2 

r 

i 

-28  (y  ±  2nir)  sin  (y  ±2nir) 
y  y  y 

- 

62  -  (y  x  2nir)2 

y  y 

+  6 
y 

8  +  (y  ±  2  rnr) 

y  y 

S2  + 
y 

(ry  ±2n«)2 

and  the  magnitudes  of  y  and  8  are  defined  by  equations  (4.47)  in  Section  IV . 

y  y 

For  the  special  case  ot  fuselage  breathing  modes  (i  .e. ,  when  n  =  0,  then  substitution 
of  equation  (4.46)  into  equation  (5.46)  leads  to  the  expression; 


_  .(«>  =  2  I  — L 

(n-o)  y{S2  + 


(&y  ~  Ty}  (1  ~  ^  c°s  yy) 


y2)  <62  +  y2) 

y  y  y  y 
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2. 


,  -6  _  .  -i 

-  2e  y  r  5  sin  jr 
_  v  y  y 

{€?  +  y2)2 

y  y  J 

RESPONSE  OF  THE  INDIVIDUAL  PANEL  MODES 

Displacement  and  Acceleration  Power  Spectral  Densities 
Ths  equation  of  motion  governing  the  response  of  each  panel  mode  is 


(5-56) 


•L-W  +  o  q  (t)  +  u2  q  (t) 
mo  ™  ran  Mmn' 

mn 


F  (t) 

ran 

M 

mn 


(5.57) 


The  displacement  of  any  point  on  the  panel  at  time  t  may  be  expressed  by  the  : 


w(x,y,t)  =  Y  q _ (t)  $  (x,y) 

mn  mn  ' 


(5.58) 


m,n 


Where  ♦mn(x'yl  !s  the  normal!2ed  ■»<*  shape  of  the  panel  and  is  equal  to 
sin  mux  sin  nny,  where  x  =  —  ,  y  =  jL  . 


By  the  same  theoretical  arguments  as  discussed  previously  in  la,  for  the  overall 
fuselage  modes  it  can  be  shown  that  by  summing  over  all  modes,  the  power  spectral 
density  of  the  displacement  at  a  point  (x,y)  is  given  by. 


S[P;u] 


A2 


£ 

m/n 


v  mn/  _ 

M2 

mn  mn 


(5.59) 
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where; 


A  =  Surface  area  of  the  panel . 

M  =  Generalized  mass  of  the  (m,n)  mode 
mn 

M 

=  ■"  =  for  a  simply  supported  panel. 

4 

M  =  Total  mass  of  the  panel . 
o 

u  =  Resonant  frequency  of  the  (m,n)  mode. 

HU  ■  li’  *  fc)T +  ^fe)"] * 

Q  =  Dynamic  magnification  factor  at  resonance. 

mn 

j£a(u)  =  Joint  acceptance  for  the  (mn)  mode  and  is  defined  as 

j  J  j  j  C{x,y£',y,;«)  ‘  &<%<&'<%'  (5.60) 

ST=0  y-0  x'=0  y‘=0 

and,  C(x,y;x',y’;u)  =  Narrow-band  space  correlation  coefficient  for  the 

particular  environment. 

The  power  spectral  density  of  the  acceleration  can  again  be  obtained  by  use  of  the 
relation 

S  jw6,y>?«]  -  u4  *  S  [^,y);u j 

Finally,  the  spoce-aveiaged  spectral  density  of  the  displacement  response  can  be 
shown  to  be  given  by  the  expression# 


srw;«]  _  a2  y  y  fjL.1 — ' 

S[P;«]  "  mnLUmnJ  M; 


H2(u/u  )  Ja«W 
mn 


(5.61) 


where 


mn 


/  / 


y)  dx  dy 


x=0  y=0 


-  0  ;  m  =1,2,3,, 

~  ~  i  m  =  1,2,3, . 


. ;  n  =  0 

* ,  n  1  ^  2, 3  j  ■ « i ,  ( 


(5.625 


b.  Joint  Acceptances  for  the  Various  Environments 

The  derivation  of  the  joint  acceptance  expressions  is  based  on  the  same  erguments 
as  used  for  the  overall  modes  in  lb  above,  namely  that  the  correlation 

coefficients,  mode  shapes  and  thus  joint  acceptances  are  separable.  Thus,  we  can 
define. 


J2  (u) 

aa'  ' 


j>> 

m 


=  J*(u)  - 

m  n 


r  r  - 

I  J  C(£;cj)  sin  mux.  si 


sin  mux'  dxdx' 


x~.0  x  -0 


SI 


c(n  ;u)  sin  mry  ♦  sin  mry'  dydy' 


(5.63) 


(5.64) 


(5.65) 


where;  £ 


v=0  y'=C 
x  -x'  and  q  =  y  -  y' 


Note  that  the  axial  joint  acceptance  of  the  panel  modes  J*  (u)  is  of  identical 

th?rV°:n1.  °CCeptQn?  °F  ,he  °Vera,‘  fuse,a9e  modes  (see  equation 
13.34).  Thus,  by  transforming  the  variables  of  integration,  i(  can  be  shown  that. 


J  >) 

m 


j  j^O  -  C)  cos  rmr^+  J-sin  nnrC  J  d?  (5.66) 

1=0 
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Similarly#  it  can  be  shown  that# 


=  J  C(i\p$  £(l  -q)  cos  rwijt  ^—sinmrqjdq  (5.< 


(1)  Boundary  Layer  Turbulence 

The  Joint  acceptance  of  the  axial  modes  of  the  panel  for  boundary  layer 
turbulence  is  obtained  by  substituting  the  first  of  equations  (4.20)  for  the 
correlation  coefficient  in  the  x  -  direction  into  equation  (5.66),  performing 
the  integration  and  simplifying. 


J"'4  *  ^7 


where; 


=  —  |  P  Tl  -  (-l)m  e”8*  cos  y  1  +  4  (-l)m 

A*  x  L  XJ 


(5.68) 


-Sy  ■ 

a  e  ^  sin  y 


mu  a 

+  r  A 
2  xx 


-(if 

■  ["(if  -  (if  J  ■  '(if  (if 

■(i)(i)["(if-(if] 

•  (i)[  ■  (if  *(if] 


(5.69) 
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a  =  panel  dimension  In  the  x  direction 
\  =  boundary  layer  thickness 

Ue  =  convection  velocity. 

aC1fPt°nCej0f  the  cir^erentid  panel  modes  is  obtained  by 
bshtot.ng  the  second  pf  equations  (4.20),  for  the  correlation  coefficient 

simplifying  eq°°Hon  (5’67)'  Perfomi"9  the  integration  and 


= 


(5.70) 


where,  <t>y,  A^,  p^,  ond  r^,  are  given  by  equations  (5.69)  with  the 
subscript  y  replacing  the  subscript  x,  and  5y,  y  are  as  follows; 

-\htf  •  Ht)T 

(5.71) 

b  -  panel  dimension  in  the  y  -  direction 
7y  =  0. 

(2)  Reverberant  Acoustic  Field 

;s^-nt  uC,CePta"Ce  °f  the  «id  modes  the  panel  to  a  reverberant  acoustic  field 
s  obtained  by  substituting  equation  (4.53),  for  the  correlation  coefficient  in  the  x 
direction,  into  equation  (5.66)  ond  performing  the  integration. 
expression  con  be  written,  resulting 


=  !1  (m)  +  [2  (m)  +  t  (m) 


(5.72) 


I 

I 


«4" 


| Cin  [*(21^  +m)]  -  Cin  21*,)] 


^J^T~  jsi  jir  (21^  +  m)j-  Si  |ir  (m  -  2LX)J 

]  1-  <-l)m  cos^Lj,) 

(me)2  1  -  (2  Lx  /n) 2 


(5.73) 


where  l1  —  -?- 

X  A 

\  —  wavelength  of  sound 

a  =  panel  dimension  in  *Ke  x— direction. 

The  joint  acceptance  of  the  circumferential  modes  to  °  reverberant  acoustic 
field  is  obtained  by  substituting  equation  (4.54)  into  equation  (5.67),  per¬ 
forming  the  integration  and  simplifying , 


J2(w)=  l.(n>  +  1.W  -  I*W 

fl  * 


(5.74) 


where 

tutiOnS, 


I ( (n) ,  Ij(n)  and  l3(n)  are  given  by  equations  (5.73) 

n  for  n  and  L1  for  L2 ,  where 

¥  * 


v,ith  the  substi- 


5 

f 


b 


panel  dimension  in  the  y-  direction . 
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(3)  Jet  Noise 


wfetituting  eq^fioo  C4^rS-'  {? 

into  equation  (5  661  o»r f„_-  .i  -  .  CTT,cienr  in  tne  x  -  oirection, 

1^.06/,  performing  the  integration  end  simplifying. 


JlM  =  — 


(m  ir)2A2 


Px  8*cosyxJ  +  4(-l)mqxe“6x  . 


Sln  Y  +  - 

x  2 


mir  A 
x  x 


(5.75) 


"here  A^  and  ^  are  as  defined  by  equation  (5.69),  and 


6  =  0.0955  — 

x  c 


y  =  0.715 

*  c 


(5.76) 


°  =  panel  dimension  In  the  x- direction. 

iss-jxs- 

y  direction,  into  equation  (5  67)  PaHVni  l  * , >  • 

simplifying  gives,  ^  v  .  Perfonning  the  integration  and 


J>>  - 


(n»)2A2 

y 


Py  P  -(-^ne  “y  cos  yv[  +  4(-flB^e-5y 


n»r  A 

sin  Y  +  - Y 


113 


(5.77) 


where:  A  ,  P  ,  q  and  r  are  given  by  the  relations 

y  y  y  y 


A  = 
y 


[..(M  •£)']-•  ly 


v  ■  &)©['*  &i  -  &i 
•  (i)[. .  &)'.  ©■; 


6  =  0.1193  — 

y  c 


yy  =  0.382 


(5-78) 


b  ~  panel  dimension  in  the  y- direction. 

RESPONSE  OF  THE  PANEL  GROUP  MODES 

a.  Displacement  and  AcceleinHon  Power  Spectral  Densities 

The  displacement  at  any  point  on  the  panel  group  at  time  t  may  be  expressed  as; 


w(x,y,t)  =  ^  qmnW  9mn(xry) 


(5.79) 


and  the  mode  shape  «  (x,y)  may  be  written  for  each  of  the  panels  in  the  row, 

win 
as. 
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QfafY)  ~  (Aj  cosh  kjy  +  Aj  sinh  tc 4  y  +  cos  y 


+  sin  k2  y)  sin  — — 

a 


(5.80) 


where 


ond  a  and  b  are  the  panel  length  and  width  respectively. 


The  spectral  censtty  of  the  displacement  response  may  be  shown  to  be  given  by. 


S  [w(x,y);w] 

S[P;»] 


H2 


Uj 

mn 


r) 


y  (u> 

mn 


M2  u* 
mn  mn 


(5.81) 


where  in  this  particular  case,  m  =  1,  2  or  3  and  n  depends  on  the  number  of 
panels  in  the  row,  N .  To  obtain  the  average  displacement  of  the  panel  group 
it  is  necessary  to  integrate  over  the  total  area  and  divide  by  the  area,  i.e.,  the 
average  displacement  of  each  panel  may  be  obtained  and  then  the  average' over 
the  number  of  panels. 

For  the  i-th  panel, 

*i  =  f  f  (A1  “S*1  k|  y  +  \  sinh  fcj  y  +  Aj  cos  kz  y 
*fc  "0 

+  \  sin  k2y)2  .  ^sin  -ZSL  j  d-fd*. 


(A,  cosh  k,y  A2  sinh  k,y  +  Aj  cos  k2y  +  A4  sin  k2y)2  dy 


! 


(5.8? 


Squaring  and  integrating  the  above  expression  gives; 
1  (At  /  i  \  A?  ,  , 


2)2  (2k,  siph2k' +  1)  +  T  (2^  sJnh  2kl  ’  *) 


A1 A*/  V  A| 

+  2k7(cosh  2k!  -  1  )  +  T" 


(dr  si 


sin  2k,  +  1 


\  ^3  A4  / 

\ 

r  »,  v 

1  -  cos  2kJ 

2A]A3kz  1  k,  \ 

— -  I  cosh  k,  sin  k  +  —  sink  k,  cos  k2) 

k2+kl\  2  <2  ) 


'1  2 


2A|A4k2  ^kj  ^ 

-  IT—  slrth  k  sin  k?  -  cosh  k,  cos  k,  +  1  I 

fci  *  v  *  ' 


2A2Ajfc2  I  k,  1  \\ 

+  ~  ~  y*!nh  kj  sin  k2  +  -£-  ^cash  k,  cos  k2  -  IJJ 

2AzA4k2  /k}  \) 

+  I T  cosh  k  sin  k  -  sinh  ki  cos  k,  1/ 

k^+k2\k2  12  2 /) 


2AzA4k2  /k, 

+  IT—  cosh  k  sin  k  -  sinh  ki  cos  k 

k?  +  k2  \k2  12 

1  2 


The  generalized  mass  may  be  approximated  by 

—  /R>,y>  dxcJy 

M  =  KA  JJ _ tnn  _  _  11 


M  =  M 

mn  o 


(5.83) 


(5.84) 


where  M ^  -  Total  panel  group  mass  and  A  =  surface  area.  If  M‘  is  the  mass 
of  each  panel  and  M"  is  the  mass  of  each  stringer,  then. 
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M 

o 

N(M 

1  +  M")  +  M" 

(5.85) 

i.e.,  M  — 

mn 

ft2  [ 

•  \ 

N{M'  +  M")  +  M"  | 

(5.86) 

N 

where  if  - 

E 

;=i 

♦i 

Thus,  assuming  that  the  joint  acceptance  Is  separable,  the  space  average  of  the 
displacement  response  is  given  by. 


S[wf«J 

S[P;«] 


2  mn  f _ 

?Z  !  N(M'  +  M")  +  M"  {*  u4 
1  >  mn 


[5.87) 


Substituting  Equations  (5.35)  ond  (5.86)  together  with  the  relation  A  =  Nab, 


5  [w.-m] 
S  [P;UJ 


'  mn  f 


J>) 

m 


jz(«) 

n 


mn 


tT 

o  mn 


(5.88) 


The  power  spectral  density  of  the  acceleration  response  can  again  be  found  by  use 
of  the  relation. 
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b.  Joint  Acceptances  for  the  Various  Environments 

Since  the  mode  shape  varies  as  sin  — —■  in  the  axial  direction,  the  joint 

acceptance  of  the  axial  modes  can  be  determined  From  equation  (5.66) .  Due  to 
the  complexity  of  the  mode  shapes  in  the  circumferential  direction,  the  joint 
acceptance  is  more  conveniently  evaluated  by  use  of  numerical  techniques  such 
as  Simpson  or  Trapezoidal  integration.  The  number  of  panels  considered  in  the 
pane!  group  is  a  function  of  the  typical  correlation  length  of  the  environment, 
which  is  in  turn  frequency  dependent,  but  will  lie  between  the  values  3  <  N  <  N‘. 

(1)  Boundary  Layer  Turbulence 

Substituting  the  first  of  equations  (4.20)  into  equation  (5.66)  and  performing 
the  integration. 


2<t> 

J2(t»)  =  - —  (5.89) 

m  »  \2 

(me) 


where  $  is  as  defined  by  equation  (5.69) 

The  joint  acceptance  of  the  circumferential  modes  is  obtained  by  numerical  eval¬ 
uation  of  the  expression. 


-  ■  L  L 


C(rj;  «)  $(y)  tfy')  dydy‘ 


y=0  y-0 


where  C{rj;  u)  =  exp  [-  6  |  r,  j] 


=  mode  shape  components  in  the  y-  direction. 

q  =  T/b 

and  S  is  given  by  Equation  5.71 

The  evaluation  of  the  above  expression  by  trapezoidal  integration  is  described  in 
detail  in  Appendix  II. 
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(2)  Reverberant  Acoustic  Field 


The  joint  acceptance  of  the  axial  modes  of  the  panel  grouc  is  obtained  by  sub¬ 
stituting  equation  (4.53),  for  the  correlation  coefficient  in  the  x-  direction, 
into  equation  (5.66)  and  integrating.  The  resulting  joint  acceptance  is  the 
same  as  given  by  Equations  (5,72)  and  (5.73). 


The  joint  acceptance  of  the  circumferential  modes  of  the  pane!  group  to  a 
reverberant  acoustic  field  is  obtained  by  numerical  evaluation  of  the  expression 


Jn(“> 


-r  r 

j  i 


C(q  ;  «•>)  $(y )  g(y  ‘ )  d  y  d  y ' 


y= 0  y'=0 


where  C(rj;w)  = 


/  b  \ 

jj) 


2,  r  ij 


The  evaluation  of  the  above  expression  by  trapezoidol  integration  is  described 
in  detail  In  Appendix  II . 


(3) 


Jet  Noise 


The  joint  acceptance  of  the  axial  modes  of  the  panel  group  to  jet  noise  is  obtained 
by  substituting  equation  (4.45),  for  the  correlation  coefficient  in  the  x  -  direction 
into  equation  (5.66)  and  integrating.  The  resulting  joint  acceptance  expression  is  ' 
identical  to  equations  (5.75)  and  (5.76). 

The  joint  acceptance  of  the  circumferential  modes  of  the  panel  group  to  jet  noise 
is  obtained  by  numerical  evaluation  of  the  expression 


J>’  ■  /  / 


C(q;u)  g(y)  <|>(y')  dydy' 


y=0  y -o 


where; 

C(rj;«0  -  exp  6y  i  n  I  jj  COS  Yy  \  q  J 
and  8  are  as  given  by  equations  (5.78) . 

The  evaluation  of  the  above  expression  by  trapezoidal  integration  is  described  in 
detai  I  in  Appendix  II  _ 
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UST  OF  SYMBOLS 


LIST  OF  SYMBOLS  USED  IN  SECTION  V 


V  br  c;'  d; 


b 

c 

f 

£ 

mn 

f{z),  g(z) 

>/  i 

m 

ti 


V 


panel  length  (x-direction) 

polynomial  coefficients  in  the  rational  fraction  approximations  of  the 
auxiliary  functions  f(z)  and  g  (z) 

panel  width  (y-direction) 

ambient  speed  of  sound 

excitetlor.  frequency  (Kz) 

resonant  frequency  of  the  (mn)  mode 

auxiliary  functions  used  to  define  sine  and  cosine  integrals 
integers 

number  of  elastic  half  waves  along  the  x-axis 

number  of  elastic  full  waves  around  the  circumference  of  a  shell,  or  number 
of  elastic  half  waves  along  the  panel  y-axis 

coefficients  used  to  define  the  joint-acceptance  of  the  structure  to  aerodynamic 
turbulence  and  jet  noise. 


q^^Xt),  q^(t)  generalized  deflection  of  the  (mni)  and  (mn)  modes 
r  distance  between  two  points  on  a  flat  surface 

r  ,  r  coefficients  used  to  define  the  joint-acceptance  of  the  structure  to  aerodynamic 

^  turbulence  and  jet  noise . 

t  time  (sec) 

w(x,y)  radial  displacement  at  the  point  (x,y) 

x  axial  coordinate 

x  nondimensional  axial  coordinate,  o<  x  <  1 

y  circumferential  coordinate 

y  nondimensional  circumferential  coordinate,  o  ^  y  ^  1 

z  radial  coordinate,  or  a  dummy  variable 

A  surface  area 

At,  Aj,  Aj,  At  modal  constants  for  the  panel  group 

C(£;u)  narrow-band,  longitudinal  space  correlation  coefficient  of  fluctuating  pressure 

field  =  C(x,  x1; «) 

C(C,i»)  narrowband,  longitudinal  space-time  correlation  coefficient  for  a  fluctuating 

pressure  field. 
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C(r-j)  narrow-band,  circumferential  space  correlation  coefficient  of  fiuctuafino 

pressure  field  =  C(y,  y1;  a) 

C-(*'  yix'»y‘;u)  narrow-band,  space  correlation  coefficient  between  pressures  acting  at 
points  (x,y)  anc  (x‘,  y')  . 

narrow-band,  space  correlation  coefficient  between  pressures  acting  at 
two  points,  a  distance  r  apart ,  on  a  flat  surface  exposed  to  a  reverberant 
acoustic  field 


Ci  (z)  modified  cosine  integral 

^in(z)  cosine  Integral  =  y  +  Ln(z)-Ci(z) 


F(yy±2nir) 

F  .(t),  F  (t) 
mm  mn 

if-) 

'  mn/ 
J>> 

Jni  <“> 

Jn  <U> 

J 2  .(t») 
mm 

ti») 

Lx,  Ly 

L*x 

M* 


M" 

M 

o 

M  ,,M 
mm  mn 

N 

p(x,  y,  t) 

P  ,  P 

x  y 

Q 

Q 

mn 

R  [f(t),g(t);  t] 

R{x»  y;  y*i) 


function  used  in  defining  }oint  acceptance  to  jet  noise 
generalized  force  for  the  (mni)  and  (mn)  modes 

dynamic  mognificotion  factor,  at  frequency  d,  of  the  (mn)  mode 

{oint-occeptance  of  the  m-th  axial  mode 
joint-acceptance  of  the  i-th  component  of  the  n-th  ring  mode 
net  joint  acceptance  of  the  n-th  ring  mode 
joint  acceptance  of  the  (mm)  cylinder  mode. 

|oint  acceptance  of  the  (mn)  panel  mode 
structural  lengths  in  the  x  and  y  directions 
a/X 

panel  mass 

stringer  mass 

total  panel  group  mass 

generalized  masses  of  the  (mni)  and  (mn)  modes 
number  of  panels  in  an  array  or  group 
instantaneous  pressure  acting  ct  the  point  (x,  y) 

coefficients  used  to  describe  the  joint  acceptance  of  the  structure  to  aero¬ 
dynamic  turbulence  and  jet  noise 

dynamic  magnification  factor  at  resonance  for  all  modes 
dynamic  mognificotion  factor  ot  resonance  for  the  (mn)  mode 

autocorrelation  of  the  time  function  f(t) 

cross-correlation  of  the  time  functions  f(t)  and  g(t) 

narrow-band  pressure  correlation  function  for  pressures  at  point  (x,y)  and 
point  (x',y‘) 
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S  [P;u]  mean-square  (power)spectral  density  of  the  pressure  -  (psi)  /Hz 

S  jf(t);  u]  mean-square  spectral  density  of  the  function  f(t) 

5  £f(t),  g(t);w]  cross -power  spectral  density  of  the  functions  f(r)  and  g(t) 

S  (w;uj  space  overoge  of  the  mean-square  acceleration  spectral  density;  gs/Hz 

5 '  [Pfcy^P^y^t/jcross-spectriim  of  pressures  P(x,y,t)  end  P(x',y',f) 


Si(z) 

sine  integral 

u 

C 

boundary  layer  convection  veloci  ty 

U 

o 

Free  stream  velocity 

v;(F) 

y -component  of  the  panel  group  mode  shape 

r 

Eulers  constant  (0.5772156649) 

6 

A  ;  A 
x  y 


6  (w/u _ ) 

mo 


^mni 9  ^mn 


?j  (*/7) 
♦mn!(x'y) 


correlation  parameters  for  the  turbulent  bou'-i'ary  layer  and  jet  nois 
pressure  fluctuations 


space  average  constant  for  the  (mn)  mode  shape 
boundary  layer  thickness 

coefficients  used  in  describing  the  joint  acceptances  to  boundary  layer 
and  jet  noise  pressure  fluctuations. 

axial  separation  distance,  x  -  x' 

nondimensional  axial  separation  distance,  £/L 

circumferential  separation  distance,  y  -  y* 

nondimensional  circumferential  separation  distance,  q/L 

phase  angle  between  excitation  and  response  at  frequency  o  for  the  (mr>) 
mode 

acoustic  wavelength,  j- 
mass  per  unit  area 

variable  of  integration  for  joint  acceptances  =  (x  +  x*  -  l)/2 
generalized  moss  fractions  for  the  (mni)  and  (mn)  modes 
time  delay 

normalized  mode  shape  for  the  i-th  panel  of  the  panel  group 
radial  component  of  cylinder  mode  shape  for  the  (mni)-mode 
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*  ,* 
*  / 


♦mn^ 


mn 

Ad 


Cl 


mns 


o 


parameter  used  to  define  the  joint  acceptance  of  the  panel  and  panel 
to  boundary  layer  turbulence 

tangential  component  of  cylinder  mode  shape  for  the  (mni)-mode 

excitation  frequency  T  rad/sec 

resonant  frequency  for  the  (m,n)-mode 

band-width  of  vanishingly  small  frequency  band,  rad/sec 

resonant  frequency  of  the  coupled  cylinder-inremal  oir  mass  system 

absolute  value 

time  derivative 


SECTION  VI 
NOISE  REDUCTION 

1 .  INTRODUCTION 

The  previous  sections  have  described  classical  modal  methods  for  computing  the  sound  pressure 
inside  a  bare  cylindrical  fuselage  for  a  given  external  excitation.  It  is  now  necessary  to 
illustrate  how  these  expressions  are  utilized  to  determine  the  noise  reduction  provided  by  the 
fuselage  and  Its  internal  acoustic  treatment.  In  this  context,  it  should  be  understood  that  the 
term  noise  reduction  implies  the  reduction  in  noise  level  due  to  the  transmission  loss  through 
the  structure  together  with  the  reduction  due  to  any  absorption  inside  the  fuselage.  These  two 
mechanisms  can  be  treated  separately. 

The  fundamental  property  that  describes  the  transmission  loss  of  a  structure  is  the  transmission 
coefficient  t  ,  defined  for  this  report  as  the  fraction  of  the  excitation  energy  that  is 
transmitted 

*2 


where  E  and  E  are  the  energy  densities  on  th~  incident  and  transmitting  sides  of  the 
structure  respectively.  If  the  incident  excitation  is  a  plane  wave,  then 


(6.1) 


where  P2  ~ 

Vr*  P, 

and  P  P  ,  P  are  the  incident,  reflected  ond  transmitted  sound  pressures  respectively, 
i  r  t 

In  general,  these  are  complex  quantities  and  phase  is  eliminated  by  taking  the  absolute  value 
of  the  pressure  ratio  to  determine  t  .  (Note  that  the  definition  used  here  for  transmission  loss 
necessarily  differs  from  the  standard  form  (Reference  60)  in  that  it  includes  the  reflected 
pressure  Pr  .  This  is  computed  to  account  for  diffraction  effects  of  the  cylindrical  fuselage 
in  a  jet  noise  field. 

In  the  case  of  boundary  layer  noise  excitation,  the  excitation  pressure  P(  is  the  fluctuating 
pressure  at  the  surface  cf  the  fuselage.  To  provide  o  common  basis  For  defining  the  effective 
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transmission  loss  for  excitation  by  a  jet  noise  field  or  by  boundary  layer  r»ise,  both  forms  of 
excitation  will  oe  defined  in  terms  of  an  equivalent  reverberant  field.  This  is  the  sound  pres¬ 
sure  that  would  exist  on  a  rigid  fuselage  in  a  reverberant  sound  field  which  would  produce  the 
same  structural  response  as  the  jet  noise  or  boundary  layer  noise  when  the  fuselage  is  allowed 


As  discussed  in  Section  IV,  a  reverberant  field  consists  of  an  infinite  number  of  plane  waves 
traveling  in  ail  possible  directions.  The  effect  of  varying  angle  of  incidence  on  sound  trans¬ 
mission  loss  must  therefore  be  considered. 

it  is  to  be  expected  of  course,  that  t  is  a  function  of  the  angle  of  Incidence  6  with  respect 
to  a  normal  to  the  structure.  To  account  for  random  incidence,  the  value  of  T  used  must 
be  averaged  over  all  ongles  of  incidence 


•9 ' 


f  Tie)sin2ede 

t  =  2.-2- 


0  -  cos  2  9') 


(6.2) 


I 


where  9‘  is  o  limiting  angle  of  incidence  (Reference  61). 


Since  the  value  of  t  is  always  less  than  unity, 
terms  of  1/t  ,  the  actual  definition  being 


it  is  usual  to  quote  the  transmission  loss  in 


Transmission  loss  =  TL 


(6.3) 


2. 


DERIVATION  OF  TRANSMISSION 
TREATMENT 


COEFFICIENT  FOR  MULTI-LAYERED  ACOUSTIC 


i  he  derivation  of  an  expression  for  the  transmission  coefficient  t  through  the  acoustic 
treatment  ,«.de  a  structure  can  be  obtained  most  conveniently  by  employing  an  impe^nce 
apptoach  b  the  case  of  complex  structures,  it  is  proposed  to  determine  t  for  each  indi¬ 
vidual  section  m  this  manner,  and  then  combine  these  various  values  of  t  to  obtain  an 
overall  coefficient.  Thus  any  combination  of  elements  can  be  treated  as  long  as  the  expres- 
sion  for  the  transmission  coefficient  of  each  element  is  known.  In  practice  Tt  is  found  that 
acoustic  treatment  of  convent,  one  I  aircraft  fuselages  consist  of  combinations  of  the  following- 


( i)  panels 

(ii)  impervious  septa  (having  negligible  stiffness) 

(iii)  porous  blankets 

(iv)  air  gaps  . 
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In  this  section,  the  value  of  the  complex  pressure  ratio,  for  an  incident  plane  wave  will  be 
evaluated  for  each  of  the  four  above  cases.  The  overall  transmission  coefficient  for  any 
comk!r'ition  of  these  basic  elements  is  then  Found  by  talcing  the  square  of  the  absolute  value 
of  the  product  of  the  corresponding  pressure  ratios. 

o.  Pressure  Ratio  Across  a  Single  Panel 

The  first  to  be  considered  is  tlwt  of  a  single  panel  having  both  mass  and  stiffness  exposed 
to  a  plane  wave  incident  at  an  angle  9  with  the  norma!,as  shown  in  the  following  sketch. 


If  Z  is  the  normal  impedance  of  the  panel,  defined  as  the  ratio  of  net  pressure  acting  on  the 
panel  to  the  panel  velocity,  u,  then 


P.  +  P  -  P 
i  r  t 


Zu  cos  6 


Hence 


P.  + 

i 

P 

t 


P 

r 


1  + 


Z  cos  9 

*2 


(6.4) 


where  Z,  is  the  terminating  impedance  on  the  transmitting  side  of  the  panel .  The  most 
general  expression  for  the  normal  impedance  of  the  panel,  which  includes  a  stiffness  term  to 
represent  the  panel  impedance  below  the  fundamental  resonance  frequency,  is  given  by 


Z 


u  mn 
o 


sin1*  9  +  j 


(6-5) 
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where 


u  =  »2 

o 


JV  /  }  1  \ 

+  '  resonance  frequency  of  panel 


and 


n  _  Eh3 

u  -  ”12“  ,  panel  stiffness 


P 

h 

E 

c,  b 

n 


ph  ,  surface  mass  density 
density  of  panel 
thickness  of  panel 

Young's  modulus  of  the  material  of  the  panel, 
lateral  dimensions  of  the  panel, 
loss  factor  of  the  panel 


Q 


b.  Pressure  Ratio  Across  a  Septum 

In  o  conventional  aircraft  fuselage  one  element  of  the  acoustic  treatment  usually  consists  of 
a  lightweight  septum  having  mass  but  negligible  stiffness.  In  this  case,  the  impedance  is 
purely  a  function  of  the  mass 


2  = 


and 

where 

and 


j  um 


p. 

2 

J. 

/  \21 

1 

= 

1  ,  1  orri  cos  6  \ 

F 

2 

T 

L  l  Z2  ) 

m 

= 

ph 

(6.6) 

(6.7; 


Z2  is  the  terminating  impedance  as  before. 
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The  sound  pressure  P  ■at’  poirri  A  is  given  by  (References  62,  63) 


where 


P,  =  Z.  cosh 
I  A 


ZAc“h[^  +  *] 

-J  It-) 


=  coth 


(6.10) 


Z.  —  characteristic  impedance  of  the  porous  material, 

A 

b  =  propagation  constant  of  the  porous  material  which  may  be  complex, 

Cj,  c^  =  the  velocity  of  sound  in  the  incident  region  and  the  porous  blanket 
respectively. 

At  point  B,  the  pressure  P  is  given  by 


P  =  Z.  cosh 
2  A 
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Hence  —  - 


cosh  ( — +  *) 
_ \cos  *  Y/ 


cosh  4 


(6. 1 1) 


The  input  impedance  Z  at  the  poinr  A  ;s  given  by 


2  j  =  ZA  coth 


f—  *  *1 

[cosp  «  J 


In  Appendix  IV,  expressions  for  b,  2  and  — 

A 

of  the  material .  “j 

d.  Pressure  Ratio  Across  an  Air-Gap 


(6.12) 


1  9'ven  In  terms  of  the  basic  properties 


In  .1*  cos.,  lb.  chatact.ristic  impede.  of  rt»  mot.rtol  ZA  -  p<c,  and  ,he 

constant  b  -  j  IWor.  in  a  similar  manna,  to  that  used  in  2.=.  above  it  can  bo 

shown  that,  (References  62,  63) 

in 

cash  [cash"  (i)] 

and  the  input  impedance  Z,  at  the  interface  is  given  by 
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r 


r 


j 

i 


? 


Z 


I 


(6.14) 


As  before. 


and  Zj  are  expressed  in  terms  of  basic  quantities  in  Appendix  IV. 


e.  Determination  of  Overall  Transmission  Coefficient 


In  each  of  the  four  cases  described  above,  expressions  ten  the  input  and  terminating  imped¬ 
ances  hove  been  developed  together  with  the  sound  pressure  ratios.  When  the  various  elements 
are  combined  in  a  conventional  structure,  the  overall  transmission  coefficient  t  is  obtained 
from 


(6.15) 


where  the  terminating  impedance  of  one  element  is  the  input  impedance  to  the  next  and  so  on. 

To  account  for  random  incidence  of  the  reverberant  field  excitation,  the  overall  transmission 
coefficient  t  is  computed  from  Equation  (6. 15)  for  incidence  angles  from  0  to  a  limiting 
angle  9*  of  85' degrees  in  steps  of  approximately  5  degrees.  The  incidence  angle  is 
assumed  to  be  the  same  for  each  layer  since  the  incident  and  transmitted  angles  are  also 
assumed  to  be  equal .  This  overall  t  (6)  for  a  given  angle  is  then  used  in  Equation  (6.2) 
to  determine  an  average  transmission  coefficient  t  for  all  angles  of  incids.-ice.  This 
procedure  is  considered  more  realistic  for  defining  transmission  loss  through  porous  blanket 
elements.  For  low  angles  of  incidence,  the  longer  path  length  through  the  blanket  results 
in  a  greater  attenuation  which  tends  to  provide  a  result  similar  to,  but  more  conservative 
than,  the  approach  used  in  Reference  62  where  only  normal  incidence  is  considered.  This 
refinement  is  considered  practical  since  it  is  readily  carried  out  by  the  computer  program. 

3.  COMPUTATION  OF  NOISE  REDUCTION  USING  THE  MODAL  APPROACH 

The  noise  reduction  of  a  fuselage,  treated  with  acoustic  material,  is  computed  by  the  modal 
approach  in  two  basic  steps  in  the  following  manner. 

a.  Increase  in  Transmission  Loss  Through  the  Acoustic  Treatment 

The  fractional  noise  reduction  for  the  bare  fuselage,  using  any  one  of  the  three  structural 
models  outlined  in  Section  III,is  defined  by  an  equation  of  the  form  (see  Equation  3.49  or 
3.90) 
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Sp  (u) 

"yET  = 

where  (o)  = 

Sp  (w)  = 

Sp  («)/  S^{w)  = 
i 

The  bracketed  quantity  in  this  expression  can  be  recognized  as  a  form  of  transmission  coeffi¬ 
cient  t  .  The  numerator  represents  the  mean  square  pressure  transmitted  by  a  wall,  with  a 
velocity  spectral  density  cr  S^(w },  which  is  radiating  into  a  characteristic  impedance  p^c. 

The  denominator  represents  the  mean  square  external  pressure.  Thus,  this  term  represents  the 
modal  form  of  the  transmission  coefficient  for  radiation  into  free  space  by  the  bare  fuselage 
wall. 

The  comparable  expression  for  a  single  bare  flat  wall  is  obtained  from  Equation  (6.4)  as 


Vm)  Cp0c  ^ 

Sp(«) 


CA(u) 


(6.1$ 


an  acoustic  coupling  factor  defined  by  the  summation  terms  in 
Equation  (3.49  or  3.90) 

spectral  density  of  external  pressure  at  frequency  w 


space  averaged  spectral  densities  of  internal  pressure  and  wall 
displacement  respectively. 


T 


W 


+ 


2  cos  8 
poc 


(6.17) 


where  2  =  normal  impedance  of  wall  (including  stiffness)  given  by  Equation 

(6.5). 

It  is  assumed  that  if  the  same  type  of  acoustic  treatment  is  added  to  the  fuselage  and  to  the 
single  flat  wall,  the  Incremental  transmission  loss  due  to  the  treatment  is  the  same  and  is  given 
in  decibel  form  by 


where 


AT L  =  lOlogOA^)  '  10log(l/;w)  (6.1® 

t  =  overall  transmission  coefficient  for  any  form  of  treatment 

computed  from  Equation  (6.1®  and  integrated  over  angle  by 
Equation  (6.2) . 
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t  =  average  transmission  coefficient  for  a  single  bare  wail  computed 

from  Equation  (6. 17}  and  integrated  over  angle  by  Equation  (6.2). 

The  incremental  transmission  lass  is  then  added  to  the  noise  reduction  for  the  bare  fuselage  to 
account  for  the  increased  transmission  loss  of  the  acoustic  treatment.  The  noise  reduction  for 
the  bare  fuselage  is  obtained  from  Equation  (6. 16)  in  decibel  form  as 


NR  =  10  log 

o 


Sp(w)/Sp  («)] 


<6. 19) 


where 


Sp(u)/Sp  (u)  =  pressure  ratio  given  by  Equation  (3.49)  or  (3.90). 


b.  Increase  in  Noise  Reduction  Due  to  Internal  Absorption 

Consider  now  the  acostic  coupling  term  C^(u)  in  Equation  (6.16).  This  term  modifies  the 

radiation  load  p  c  to  account  for  the  actual  acoustic  modal  impedance  inside  the  cylindrical 
fuselage. 

As  shown  in  Section  HI,  by  Equation  (3.49  or  3,90),  this  term  is  defined  by  a  summation 
of  the  acoustic  modes  of  the  cylinder.  For  an  excitation  frequency  <■>  in  the  vicinity  of  one 
of  the  acoustic  resonance  frequencies,  this  coupling  term  is  controlled  by  the  resonant 
amplification  factor  .  The  latter,  in  turn,  is  controlled  by  the  acoustic  absorption 

inside  the  fuselage. 

For  a  three-dimensional  cylindrical  acoustic  field  with  relatively  low  I'.iifonn  damping  on  all 
walls,  the  resonant  amplification  factor  is  approximately  equal  to  (Reference  14) 


Q 

ac 


4Vu 

c5 

n 


s  + 

x* 


1 

V2 

1  -  (n/it<t>  )2 
n$ 


(6.20) 


where 


V  =  irR2  L^-  volume  of  cylinder 
c  =  speed  of  sound 
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ns 


average  normal  absorption  coefficient  at  walls 


2  ir  R* 


area  of  end  walls 


2 ^  —  area  of  side  wal Is 


radial  mode  .-.umber 

roots  of  J^(R)  =  0  as  defined  by  Equation  (3.21). 


^obe  irP°u|tCnt  ran9C  ^ acOWStic  modo1  frequencies,  and  for  typical  fuselage  sizes,  this 
^an  be  roughly  estimated  by  *  ' 


Q  ?w 
ae 


_  4  Vo 


c  a  S„ 

n  R 


(6.21) 


Making  the  further  approximation  that  the  average  randtxr,  incidence  absorption  coefficU 
a  is  equal  to  about  2a  for  typical  absorbir - -■  P  coen"='6 


ing  materials,  then 


Q  « 

a  c 


8  Vo 
ca 


(6.22) 


and 


f  Qj  total  square  feet  of  absorption 


Values  for  a  may  be  determined  for  typical  surfaces  inside  aircraft  From  the  data  in  Table  IV 
A  typ, cal  value  forQ  in  the  low  frequency  range,  where  the 
is  about  25.  ac 


modal  approach  is  realistic. 


To  summarize  the  modal  approach  for  computing  noise  reducti 


EoilpoiFil  Tr'""1'  n°’“  i!  “K'i  ty  the  »o*l  approach  from 


ac 


*  "rj '  i  treotrnent,  the  incased  obiorption  inside  the  fuselage  is  determined  bv 

modifying  fhe  value  of  o„d  adding  rtie  Incremental  fronsmiLn  I £L f”  "S 

treatment  defined  by  Equation  (6. 18) . 
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4.  COMPUTATION  OF  NOISE  REDUCTION  FOR  A  DIFFUSE  INTERNAL  SOUND  FIELD 


The  method  of  the  previous  section  considers  the  modal  response  of  the  internal  acoustic  Field, 
and  an  expression  for  the  noise  reduction  is  obtained  by  a  modal  summation.  However,  at 
high  frequencies  where  the  modal  density  is  high,  this  involves  some  lengthy  calculations 
even  for  a  computer  and  so  it  is  preferable  to  simplify  the  approach  in  this  region  and  use 
more  conventional  methods  for  computing  noise  reduction .  This  con  be  done  if  the  rnoda  I 
density  is  sufficiently  high  so  that  the  . r"  4  field  can  then  be  considered  to  be  uniform  both 
In  space  and  spectral  content.  A  mo  'y  in  the  order  of  10  per  modal  bandwidth  s-houU 

satisfy  this  requirement.  The  express.^'  .e  modal  density  of  the  internal  acoustic  fie  Id 

is  (Reference  14) 

N(f)  =  +  4“  (6.23) 

3  2  8c 

c  t  c 


where 


and 


V  =  srR2  Lx 

A  =  2xR(R  +  L  ) 

x 

L  =  4*R  +  4LX 

R  ~  radius  of  cylinder 

Lx  =  length  of  cylinder 


Thus  if  Af  is  the  bandwidth  of  a  mode  having  o  fundamental  frequency  f  Hr,  the  condition 
for  a  uniform  or  diffuse  sound  field  can  be  written  as 


N  (f)  *  Af  >  10 


(<5.24> 


If  Equation  (6.23)  is  approximated  by  considering  the  first  term  only,  the  frequency  of  vdiichs 
the  above  condition  is  satisfied  is  given  by 

1 

3 

Hr  (6.25> 


fD  ~ 


10 


Q 


ac 


4*2  R2  l 


where  Q  is  the  magnification  factor  of  the  acoustic  mode  given  by 
ac 
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Q  = 

ac 


f 

Af 


Therefore,  above  this  frequency,  the  sound  field  can  be  considered  essentially  diffuse  and 
can  be  treated  by  statistical  methods.  In  this  case  the  total  noise  reduction  is  given  as 


nrd  = 


10  log 


1  + 


5  S 

T  S 
Ow  t 


(6.26) 


(la.  S.)/I  S.  ,  the  average  absorption  coefficient 
2  S.  ,  the  total  absorbing  surface  area 


a.  = 

i 


the  absorption  coefficient  associated  with  area  S. 


and 


the  overall  transmission  coefficient  of  the  structure  through  the 


transmitting  area  S^. 


The  values  of  ft.  are  found  from  Table  IV  and  a  computed  as  indicated  above  to  provide  an 

appropriate  input  for  the  program  <  The  value  of  r  is  computed  by  the  program  using 
equations  (6.15  and  6.2).  Any  set  of  elements  from  a  single  panel  on  up  to  complex  double 
wall  construction  can  be  evaluated  using  the  various  expressions  covered  in  Section  2.  above. 

The  criterion  for  application  of  this  statistical  or  diffuse  field  method  for  computing  noise 
reduction  was  stated  earlier  in  terms  of  on  acoustical  modal  density.  (See  Equation  (6.25.)) 
wo  additional  criteria  may  also  be  used  to  define  a  lower  limiting  frequency,  below  which 

the  modal  approach  should  be  used. 

In  order  that  the  plate  curvature  can  be  neglected,  the  diffuse  field  approach  should  only  be 
used  above  the  first  breathing  mode  given  by  ' 


L 

2nR 


(6.27) 


where 


CL  " 


the  longitudinal  wave  velocity  in  the  cylinder. 


135 


/>■»<** 


Also,  since  the  effect  of  the  supporting  frames  has  been  neglected,  the  approach  should  only 
be  used  above  the  fundamental  panel  resonance  frequency  where  the  frames  con  be  considered 
to  be  nodal  points.  This  frequency  is  given  by  (see  Equation  (6.5)  for  definition  of  symbu Is) 


(6.28) 


Thus  combining  these  conditions  it  can  be  stated  that  the  simple  statistical  approach  should 
only  be  used  in  the  frequency  region  greater  than  the  highest  of  the  limiting  frequencies 
defined  by  Equations  (6.25,  6.27,  and  6. 28).  This  insures  that  the  internal  fi^ld  is  diffuse, 
curvature  effects  are  neg!igible,and  the  structure  5s  equivalent  to  single  pone  Is  vibrating 
above  their  first  mode. 

in  summary,  the  noise  reduction  for  a  diffuse  internal  sound  field  is  computed  directly  by 
Equation  (6.26)  .  This  expression  is  evaluated  by  routine  TRLSS  in  the  computer  program. 

It  is  important  to  note  that  this  routine  is  also  used  to  compute  the  incremental  transmission 
loss  AT  L  (Equation  6.18)  for  the  modal  approach. 

5.  EQUIVALENT  REVERBERANT  FIELD 

It  has  been  assumed  up  to  this  point  that  the  noise  reduction  is  computed  for  an  external 
reverberant  sound  field  driving  the  structure. 

It  is  necessary  now  to  define  the  spectral  intensity  of  this  equivalent  reverberant  field  which 
produces  the  same  structural  response  as  does  excitation  by  jet  noise  or  boundary  layer 
turbulence. 

The  space  average  pressure  spectral  density  inside  the  fuselage  Sp  («)  can  be  defined  by 

i 

sp  (u)  sp  (u)  r  sp  (o)  * 

Sp  w  =  SpM  •  =  Sp(«)  - 

r  L  J 

where  Sp(u)  =  pressure  spectral  density  of  the  jet  noise  or  boundary  layer  noise  field 

Sp  (u)  =  pressure  spectral  density  of  equivalent  reverberant  field. 

Dividing  the  numerator  and  denominator  of  the  bracketed  term  in  the  above  expression  by  the 
respective  structural  displacement  spectral  densities  and  expressing  the  result  in  decibel  form, 
the  space  average  infernal  pressure  spectrum  level  S  L.(u)  is  given  by 
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SL.(u)  =  SLtu)  -  NRr  +  C(u) 


(6.29) 


! 

i 


where 


SL.(o)  - 

'Ota.SpM,*  - 

1 

SL(«)  = 

10  log  SpM/Pjrf  -  1 

ii 

Z 

10  logSp(«)/Sp(0)-  , 
r  i  i 

S  (u)/S  (m) 

‘  r  wf 

C(w)  = 

10,09  Sp(«)/Sw(u) 

ii 

'ti 

1L'- 

(0.0002  dynes/cm2)2 . 

excitation 


relative  correction  factor  for  equiv¬ 
alent  reverberant  field. 


If  by  definition,  the  displacement  spectral  densities  S  (u)  and  S  (u)  for  the  reverberant 

Yf  W 

r 

and  true  excitation  (jet  noise  or  boundary  layer  noise)  are  identical,  then  the  correction  factor 
C  l u)  has  the  value  necessary  to  correct  the  noise  reduction,  computed  for  reverberant  field 
excitation,  so  that  if  corresponds  to  the  actual  noise  reduction  for  the  true  excitation 


Thus,  the  noise  reduction  for  either  jet  noise  or  boundary  noise  excitation  is  given  by 


NR  =  NR  -  C  (o) 


(6.30) 


where  N  Rr 


noise  reduction  for  reverberant  field  excitation  which  is  computed 
by  either  the  modal  approach  (Section  VI.  3.)  or  the  diffuse  field 
approach  (Section  VI. 4.) 


The  vo'ue  of  CW  may  be  computed  from  the  print-out  provided  by  the  program  of  the  ratios 

w  °nd  wher*  the  former  refers  to  a  reverberant  Field  excitation  and 

r  r 

the  latter  to  either  jet  noise  or  boundary  loyer  ,  else  excitation.  Note  that  this  ratio  of 
normalized  response  functions  and  hence  the  equivalent  reverberant  field  correction  C(u) 
can  be  computed  for  any  of  the  three  basic  structural  models  (i.e.  -  cylinder,  coupled  or 
single  panel)  over  the  entire  frequency  range.  However,  tbs  following  practical  limitinq 
requency  range  is  suggested  as  a  rough  criteria  for  the  frequency  range  of  each  model. 
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c  For  cylinder  model 


-  compute  C  (u)  from  the  program  print-out  from  the 
lowest  frequency  of  interest  to  on  upper  limit  equal  to 
the  breathing  mode  frequency  given  by  Equation  (6.27) 

o  For  coupled  panel  model  -  compute  C(u)  from  the  program  listing  front  1/2  the 

the  breathing  mode  frequency  f,  to  approximately 

4V 

o  Far  single  panel  model  -  compute  C(u)  from  the  program  listing  from  approxi¬ 

mately  2  times  the  panel  fundamental  frequency  f 

given  by  Equation  (6.28)  to  the  highest  frequency  of 
interest. 

These  ore  approximate  guidelines  which  can  also  be  used  to  define  the  upper  and  lower  fre¬ 
quency  bounds  for  the  structural  response  covered  by  these  three  structural  models.  However, 
these  limiting  frequencies,  which  are  required  as  input  parameters  for  the  program,  can  be 
selected  by  the  user  to  meet  any  desired  range.  The  above  criteria  are  suggested  as  covering 
s  practical  range  of  validity  for  computing  an  equivalent  reverberant  field. 

6.  THE  EFFECT  OF  FLANKING  TRANSMISSION 

The  previous  sections  hove  not  considered  the  fact  that  sound  is  radiated  at  high  frequencies 
by  the  circumferential  frames.  This  source  of  flanking  loss  is  treated  here  in  terms  of  sound 
radiation  by  an  infinite  strip.  In  the  frequency  range  when  flanking  loss  is  significant,  the 
circumferential  bending  wavelength  of  the  frame  X  ^  will  be  greater  than  the  acoustic 

wavelength  XQ  so  that  lengthwise,  bending  vibrations  of  the  frame  will  couple  efficiently 

to  the  interior  sound  field.  (Reference  60.)  However,  in  the  width  direction,  for  frequencies 
below 


f  Hz  (6.31) 

l  w 

where  w  is  the  width  of  the  frame  in  inches,  the  acoustic  radiation  on  a  vibrating  load 
begins  to  decrease  proportional  to  f3'  .  Thus  it  can  be  assumed  that  the  frame  becomes  an 
efficient  radiator  only  above  this  frequency .  In  order  to  obtain  an  estimate  for  the  limiting 
value  of  the  noise  reduction,  it  is  assumed  that  sound  transmission  through  the  frame  follows 
a  moss -law.  Providing  the  noise  reduction  for  either  the  treated  fuselage  (without  any  flank¬ 
ing  loss)  or  through  the  flanking  path  is  greater  than  about  20  dB,  the  decrease  in  noise 
reduction  due  to  the  flanking  loss  is  estimated  by 
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ANRf  =  -  10  log  1 


Tf  Sf 

T  S' 

ow  t 


(6.32) 


where 


Tf  ~  transmission  coeffic  ient  for  flank  ing  pofh 

for  ,r“"d 

Sf  =  surface  area  of  flanking  path 

S;  =  transmitting  surface  area  of  fuselage  minus  area  of  flanking  path. 
The  transmission  coefficient  for  the  flanking  loss  is  estimated  by 


0.3  («mf/poc)?  ,  f  > 
(f  \3/2 


°-3(u%/P0c)J  {l~j‘ 


(6.33) 


,  f< 


where 


-  total  surface  mass  density  of  bare  cylinder. 


in=id"“ — !“ 

to  unpressurized  areas.  In  this  case  Equation  (6^32°**  ^  i*^  *°Ch,  °*  VCnt  *1°,es  01  leo,cs 
«.teion  corfKcfcnt  far  ri.  flonfcing  Tf  con  bf  Zify.°"’  ,h* 

U  r-’-  ""I  'ff“B  <",d  coincidence)  cf  ,be  f_  B.en 

g  .  However,  since  the  frames  are  relatively  thick  and  are  stiffer  than  ar>  -  i 

J  ry  or  cases,  tower  than  f^  .  Hence  the  assumption  of  mass  behavior  for  the  frame 

f"  **  "',n"i”i°n  corff:"“'  f»  - 1  w«««. 

The  situation  also  occurs  in  the  ccse  of  a  double  panel  !  e  outer  A;„„l  .  • 

7Z22*  ”d  *■  - — isit. 
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In  genera  I,  observed  values  of  overall  noise  reduction  at  high  frequencies  (above  5000  Hz)  for 
conventional  acoustic  treatment  of  aircraft,  will  be  limited  to  40  to  60  dB. 

7.  TRANSMISSION  LOSS  THROUGH  ISOLATED  CAPSULE  COMPARTMENTS 

A  design  requirement  for  very  high  transmission  loss  into  a  special  compartment  within  an 
airplane  will  lead  to  the  use  of  a  vibration-isciated  inner  capsule  to  eliminate  or  reduce  the 
effects  of  flanking  loss.  This  will  generally  consist  of  one  of  two  types: 

1)  An  inner  shell  of  the  some  basic  shape  as  the  fuselage  with  comparable  dimensions  for 
crew  or  equipment  spaces  or 

2)  A  smaller  equipment  capsule  located  anywhere  inside  the  aircraft. 

Because  of  the  complex  sound  and  vibration  transmission  paths  involved  for  this  case,  a 
detailed  calculation  of  the  effective  sound  transmission  loss  for  such  capsules  is  not  attempted 
here.  Rather,  a  simplified  method  is  suggested  as  a  guide  for  evaluating  preliminary  design 
concepts.  Final  verification  of  the  actual  transmission  lass  achieved  for  such  special  struc¬ 
ture  will  ordinarily  require  experimental  tests. 


Since  the  principal  benefit  of  isolating  an  inner  capsule  is  to  effectively  eliminate  any 
significant  transmission  of  sound  by  flanking  paths,  an  upper  bound  for  the  noise  reduction 
can  be  computed  by  neglecting  any  flanking  transmission  loss  and  treating  the  wall  of  the 
isolated  capsule  as  the  inner  wall  of  a  double  wall  fuselage  with  no  interconnecting  trans¬ 
mission  paths.  The  noise  reduction  for  this  case  con  then  be  computed  by  the  seme  methods 
outlined  previously  using  the  modal  approach  for  the  noise  reduction  ot  low  frequencies, 
including  any  corrections  for  transmission  loss  through  acoustic  treatment  between  the  walls 
(see  Section  VI. 3. a.  )  and  internal  absorption  inside  the  inner  capsule  (see  Section  VI. 3. b.} 
For  high  frequencies  above  the  limiting  value  specified  by  Equation  (6.25),  the  diffuse  field 
approach  would  be  employed,  and  transmission  loss  through  both  walls  would  be  computed  os 
explained  in  Section  VI.  4. 


In  this  case,  where  the  capsule  diameter  is  much  less  than  the  basic  fuselage  diameter,  the 
total  noise  reduction  would  be  computed  by  first  defining  the  noise  field  inside  the  fuselage, 
neglecting  the  presence  of  the  equipment  capsule,  and  then  computing  the  noise  reduction 
for  the  inner  capsule.  Depending  on  the  size  of  the  capsule,  and  accuracy  required  for  the 
computation,  either  of  two  methods  are  recommended  to  compute  the  ncise  reduction  for  a 
small  capsule 

I)  Use  the  same  computer  program  developed  for  the  entire  fuselage  but  assuming  a 
reverberant  field  outside  the  capsule.  The  appropriate  structural  parameters  for  the 


capsule  would  be  used  in  the  computer  program  in  place  of  the  fuselage  parameters. 
2)  Use  the  simplified  design  method  covered  in  Appendix  III. 

8.  PANEL  DAMPING  MATERIAL 

The  effects  of  applying  a  damping  treatment  to  a  fuselage  panel  ,-e  twofold;  firstly,  the 
values  of  the  structural  Q-factor  and  the  generalized  mass  are  modified,  and  secondly,  the 
sound  transmission  properties  of  the  composite  panel  are  also  modified.  The  structural 
CJ -factor  is,  by  definition. 


2  6  (6.34) 

where 

8  —  the  damping  ratio  — - 

C  ~  panel  viscous  damping  coefficient 

Cc  =  panel  critical  viscous  damping  coefficient 

r]  =  loss  factor  of  the  panel . 


typical  value  of  Q  for  a  fuselage  panel  is  approximately  15.  The  problem  of  pane1 
damping  by  the  appl.cat.on  of  unconstrained  and  constrained  layer  treatments  has  received 
considerable  attentran  and  is  well  reported  in  the  literature  (References  -64,65,  and  66) 


For  a  typical  unconstrained  visco-elastic  damping  layer  applied 
65)  has  shown  that. 


to  a  panel,  Oberst  (Reference 


n 

S[' 

,2h2.+  h2  +  k2)2 

n 

i  +  y 

]['2k,1,+  <'  fc,hS>] 

where. 


(6.35) 


lass  factor  of  the  composite  panel 

extensional  loss  factor  of  the  visco-elastic  material 

extensional  stiffness  of  the  visco-elastic  layer  relative 
to  that  far  the  untreated  panel 


distance  between  the  neutral  axes  of  the  basic  panel  and  the 
elastic  layer  divided  by  the  thickness  of  the  basic  panel 


visco- 
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hj  —  damping  layer  thickness  divided  by  basic  panel  thickness. 

Fora  typical  constrained  layer,  Kerwin  (Reference  66)  has  shown  that  the  damping  is  given 
by. 


[,+Hv) +  Jj("v){9</<,^)}] 

far  small  values  of  kj/k^ ,  and  the  condition  that  Ej  -  E, 

where;  fj  =  loss  factor  of  the  composite  panel 

P  =  shear  loss  factor  of  the  visco-elastic  material 

h  —  distance  between  the  neutral  axes  of  the  basic 
panel  and  the  constraining  layer 

=  extensions!  stiffness  of  the  basic  panel  and  constraining  layer 
respectively  -  E,h,  ,E3hj 

hj  =  thickness  of  the  basic  panel 

h^  =  thickness  of  constraining  Icyer 

Ej  =  modulus  of  elasticity  of  the  basic  panel 

E  =  modulus  of  elasticity  of  the  constraining  layer 


(6.36) 


.  _!_/_! !_f  .  _L 

\  p.  /  f 


G/E, 

(kjA,)  b? 


(6.37) 


pj  =  density  of  the  panel 
G  =  flexural  rigidity  erf  the  damping  layer 

hj  =  thickness  of  the  damping  layer. 


142 


F"  8iV“  °"V/h,  »«  S  A, .  »  nan-™  volo.  O,  V8  oon  . 

F"""Mer'  V  0.5  end  1  0  I„  ,n-  .  7  ^  **° 

the  loss  -  factor  ratio  -U  ^  0'  11 ath,s  re9,on  the  maximum  value  of 

WCt0r  'ot,°  spends  primarily  on  (Jc  /fe.  ) 

3  '  i  '  ' 


Modification  of  the  generalized  moss  used  I,  the  r™~ 

by  computing  the  added  weight  due  to  the  t'eatme^^  !?°af,°ns  is  °«t  simply 

accord, ngly.  *  rhe  ^tment  and  adjusting  the  mass  per  unit  area 


t  ^  °",y  ■“  -  M*.  and 

considering  the  ^railV^e^  «  th •  r^nT  wh^ 

H-  ..pons.  yio  ,r»S,  In  Z*> „ 


«£S^rsrz^‘ s  irxs  ”ir  ^  —“f1  ««» ■>  ■«*  u. 


9.  SUMMARY 


Th'(7,“,to“l  *  0ire”f’  ^  •*-  -  -  -»  *.  .  a  follows: 


(a) 

(b) 

(c) 

(d) 

(e) 


Bare  cylinder 
Cylinder  with  absorbent  lining 
Bore  cylinder  with  septum  and  absorbent  lining 
Simple  double  concentric  cylinders 
Inner  capsule. 


Two  basic  methods  have  been  «.*!•  j  •  ■ 

reduction  for  these  various  types  oToirarft  rtm  T di9'taI  cor"PUtotion  of  the  noise 
(hires  is  the  use  of  a  complex  impedance  approach^'  ^  COmmon  e,ement  for  both  proce- 
SHT  0rbrJra,y  «a«sHe  treatment.  Th^approoc^^'T^- °Vemac  Commission  las 

occordfng  tJZ  "***^Th.  ** 
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(o)  Modal  Method 

•  Upper  Frequency  Range  -  Specified  by  highest  value  of: 

fj-j  from  Equation  (6.25)  (Lower  limit  for  diffuse  field) 

f^  from  Equation  (6.27)  (Breathing  mode  or  ring  frequency) 

f  fmm  Equation  (6.28)  (Panel  fundamental  frequency) 

•  Structural  Models  for  Modal  Method 

Cylinder  Model  -  Applied  for  frequencies  up  to  the  breathing  mode 

frequency  fj,  . 

Coupled  Panel  Model  -  Applied  from  about  1/2  f,  io  4  f,  . 

b  b 

Single  Panel  Model  -  Applied  above  about  2  times  panel  fundamental 

frequency 

•  Noise  Reduction  for  Untreated  Fuselage 

Cylinder  Model  -  Computed  by  program  from  Equation  (3.49) 

Coupled  or  Single  Ponei  Model  -  Compute  by  program  from  Equation  (3.90) 

•  Noise  Reduction  for  Treated  Fuselage 

Additional  transmission  loss  due  to  treatment  computed  by  program 
from  Equation  (6.18). 

Increase  in  noise  reduction  due  to  absorption  computed  by  program 
by  inserting  acoustic  determined  from  Equation  (6.22). 

(b)  Diffuse  Field  Method 

•  Lower  Frequency  Limit  -  Equal  to  upper  frequency  limit  for  modal  method 

as  defined  above. 

•  Structural  Models  for  Diffuse  Field  Method  -  Applicable  to  any  uniform 

composite  fuselage  plus 
treatment. 

•  Transmission  Loss  -  Computed  by  program  using  Equations  (6.15 

and  6.2). 
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•  Noise  Reduction 


Computed  by  program  using  Equation  (6.26) 
with  input  table  of  average  absorption  coeffi¬ 
cients  computed  from  data  such  as  in  Table  IV. 


For  either  method,  an  equivalent  reverberant  sound  field  is  assumed  for  computing  noise 
reduction^  A  correct. on  factor  C  (a),  os  specified  with  Equation  (6.29),  loosed  to  correct 

noiseTo^it^  tt  "T  rfUCti°n  ,t0  COrreSp°nd  fo  the  noise  <*  boundary  layer 

noise  to  determine  the  actual  internal  sound  level.  1  * 


^  theJnnCr  COpS0le  C°n  **  trMted  !n  two  distinct  ways  as  explained  in  Secti 
depending  on  ,ts  size,  position  and  frequency  range  under  consideration. 


on  7. , 


lUfffcWt  t0  beJ'J'en  !nt°  QCCOUnt  then  fhe  effective  value  of  the  transmission 

coefficient  for  the  flanking  path  has  to  be  calculated.  This  provides  an  upper  limit  for  the 

™Telc^'-,C,enf  ani|henCe  f°r  ^  n°!se  reduction  available.  A  correction  to  account 
fo.  the  decrease  in  noise  reduction  is  given  by  Equations  (6.32  and  6.33) . 


Increased  structural  damping  of  the  fuselage  skin  panels  can  be 
methods  outlined  in  Section  8. 


accounted  for  using  the 
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b 

c 

CA 

f 

9o 

K 

^*2 

m 

n 

u 

w 

C 

CA(u) 

CL 

D 

E 

E..E* 


LIST  OF  SYMBOLS  FOR  SECTION  VI 

Total  square  feet  of  absorption,  or  panel  length 
Propagation  constant  of  porous  material,  or  panel  width 
Speed  of  sound 

Speed  of  sound  in  porous  blanket 

Frequency  -  Hz 

Structural  factor  in  Equation  6.37  for  damping  loss  factor 
Thickness  of  panel 

Relative  thickness  of  damping  layer  specified  in  Equation  6.35 

Relative  distance  defined  for  Equation  6.35 

Surface  moss  density  =  ph 

Radial  mode  number 

Particle  or  panel  velocity 

Width  of  Frame  flange  -  in. 

Viscous  damping  coefficient  far  panel 
Acoustic  coupling  factor 
Longitudinal  wave  velocity  in  cylinder 
Panel  stiffness  =  E  h3/12 
Young's  modulus  of  elasticity 

Energy  densities  on  incident  and  transmitting  sides  of  a  structure, 
respectively 


G 

Flexural  rigidity  of  damping  layer 

First  derive  five  of  Bessel  function  (see  List  of  Symbols  -  Section  III) 

Lx 

Length  of  cylinder 

N(f) 

Modal  density  of  the  infernal  acoustic  field 

NR 

Noise  reduction 

'V'VPt 

Incident,  reflected,  and  transmitted  pressures,  respectively 

Excitation  and  transmitted  pressures,  respectively 

Q 

Resonant  amplification  factor  (structural) 

Qac 

Resonant  amplification  factor  (acoustic) 

R 

Radius  of  cylinder 

Si,  s 

ith  absorbing  surface  ond  total  absorbing  surface 

SpW,5p>) 

Spectral  densities  af  external  ond  internal  pressures,  respectively 

SW(u),  Syy^u) 

Space  averaged  displacement  spectral  densities  for  excitation  and 
reverberant  field  excitation,  respectively 

SL(W) 

Pressure  spectrum  level 

Sx 

Area  ©F  end  walls  =  2  ir  R2 

Sr 

Area  of  side  wall  =  2  t  R 

V 

Volume  of  cylinder  =  *  R2 

Z,  Z„  Zj> 

Normal  input  and  terminating  impedances 

ZA 

Characteristic  impedance 

Greek  Symbols 

or 

Sound  absorption  coefficient  (random  incidence) 

5* 

Average  (random  incidence)  absorption  coefficient  for  several  surfaces 
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Average  normal  absorption  coefficient 
Shear  loss  factor  of  damping  material 
Critical  damping  ratio 
Loss  factor 

Overall  lass  factor  of  panel  treated  with  damping  material 
Angle  of  incidence  of  plane  wave  re:  normal  to  surface 
Acoustic  wavelength  =  c/f 

Circumferential  bending  wavelength  in  frames  -2-a  R/n 
Density 

Transmitting  angle  of  refracted  plane  wave  through  porous  blanket 
Transmission  coefficient 

Transmission  coefficient  for  single  panel,  averaged  over  incidence  angles 
from  0  to  85° 

Overall  transmission  coefficient  for  any  treatment,  averaged  over  incidence 
angles  from  0  to  85° 

Phase  angle  for  propagation  through  porous  blankets 
Roots  of  J^(R)  =  0  as  defined  by  Equation  (3.21) 

Frequency  -  radians  per  second 

Fundamental  frequency  of  panel  -  radians  per  second 
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SECTION  VII 


DISCUSSION 

In  predicting  fuselage  interior  noise,  the  low  frequency  range  poses  the  most  difficult  problem, 
since  the  relatively  low  modal  density  of  the  structural  shell  coincides  with  o  low  acoustic 
modal  density  within  the  fuselage.  Because  of  this,  conventional  reverberant-field  acoustics 
is  not  applicable  since  it  assumes  a  high  acoustic  modal  density  in  the  receiving  space.  This 
mismatch  problem  is  illustrated  by  Figure  43(a)  which  describes  the  respective  modal  densities 
for  a  cylindrical  shell.  In  the  low  frequency  region  the  acoustic  modal  density  is  considerably 
less  than  the  structural  modal  density.  The  modal  densities  coincide  at  about  800  Hz  and  a 
peek  in  the  structural  modal  density  coincides  with  the  shell  breathing  mode  of  about  550  Hz. 
Above  800  Hz  the  structural  modal  density  can  be  approximated  reasonably  well  by  an  equiva¬ 
lent  flat  plate.  Two  additional  lines  are  shown  in  Figure  43(a),  corresponding  to  the  upper 
bounds  to  the  modal  densities  of  two  fuselage  panels  of  different  area.  In  these  two  cases  the 
structural  shell  was  assumed  to  consist  of  20  equal  panels  and  200  equal  panels.  This  result 
shows  that  when  the  structural  and  acoustic  modal  densities  are  both  low,  then  there  is  a  law 
probability  of  having  a  structural  mode  couple  with  an  acoustic  mode  of  the  same  frequency. 

In  practice,  a  single  shell  resonance  will  couple  with  several  adjacent  acoustic  resonances, 
to  produce  coupled  system  resonances,  the  degree  of  coupling  depending  primarily  on  the 
proximity  of  the  acoustic  mode  with  respect  to  the  shell  mode. 

Effect  of  End-Closure  on  Noise  Reduction 


The  analytical  approach  to  the  coupled  structural-acoustic  response  for  a  cylinder  required 
an  assumption  of  acoustically  open  ends  to  make  the  computer  program  manageable.  A  general 
derivation  of  the  coupled  response  for  open-  or  closed-end  conditions  is  covered  in  Appendix  I. 
To  provide  a  qualitative  indication  of  the  effect  of  changing  the  end  conditions,  a  simple 
one-dimensional  analysis  was  carried  out  for  the  noise  reduction  through  a  spring -mounted 
rigid  piston  driving  a  tube  which  is  either  open,  rigidly  closed,  or  terminated  with  a  pure 
acoustic  resistance  equal  to  5  p.c.  The  results  of  this  analysis,  carried  out  by  standard  methods 
covered  in  Reference  14,  ore  Illustrated  in  Figure  43(b).  For  convenience,  the  structural 
resonance  in  vacuo  was  set  equal  to  the  fundamental  closed-end  acoustic  resonance  frequency. 
This  case  differs  from  the  cylinder  model  in  that  the  axial  acoustic  modes  are  not  the  same  for 
open  or  dosed  ends  while  open-open  vs.  closed-closed  axial  acoustic  modes  of  the  cylinder 
are  the  same.  Keeping  this  in  mind,  it  is  apparent  that  the  principle  difference  for  the  open 
vs.  closed  tube  is  the  noise  reduction  below  the  first  axial  mode.  Below  this  frequency,  the 
closed  case  exhibits  a  cavity  stiffness  efFect  which  limits  the  noise  reduction  to  a  finite  value 
at  law  frequency.  Above  this  frequency,  the  average  noise  reduction  has  an  approximate 
upper  bound  similar  to  the  "mass  law"  transmission  loss  for  the  piston.  The  principal  effect  of 
varying  the  closure  is  to  change  the  magnitude  of  the  minima  and  slightly  alter  the  resonance 
frequencies.  The  latter  effect  is  net  considered  significant  for  engineering  analysis  of  fuselage 
noise  reduction.  What  is  significant  is  the  general  trend  in  the  structural-acoustic  coupling 
and  the  ability  of  the  program  developed  here  to  account  for  these  trends  in  a  systematic 
fashion . 


Test  Cose  Results 

Preliminary  results  hove  been  obtained  For  the  hypothetical  aircraft  fuselage  described  by  the 
test  input  data  in  Table  III. 

The  coupled  structural -acoustic  system  resonances  for  the  low  frequency  cylinder  model  are 
shown  in  Figures  44,  45  and  46  for  axial  mode  numbers  m  =  1,  m  =  12  and  m  ~  25  respec¬ 
tively.  In  each  of  these  figures  the  intersection  of  constant  n  and  constant  s  lines  define 
the  (mns)  coupled  fuselage -interna  I  air  moss  system  modes  for  the  particular  value  of  m. 

The  shell  resonances  (m,n)  are  also  denoted  in  these  figures  for  the  purposes  of  comparison. 

The  figures  show  thot  os  the  axial  mode  number  m  is  increased,  the  coupled  system  reso¬ 
nance  frequencies  also  increase  for  given  values  of  n  and  s.  Also,  in  general,  for  a  given 
mode  number,  n,  the  number  of  coupled  system  modes  lying  below  the  (mn)  shell  mode  in¬ 
creases  as  the  mode  number  m  increases.  These  results  point  to  the  Fact  that  the  (m  n)  shell 
resonances  couple  only  with  the  corresponding  (m,n)  acoustic  mode  numbers  so  that  a  given 
shell  mode  has  strong  coupling  only  with  those  acoustic  modes  in  close  proximity. 

The  computed  octave  band  sound  pressure  levels  for  boundary  layer  noise  and  jet  noise  are 
shown  in  Figures  47  and  48  respectively .  The  boundary  layer  noise  spectrum  shown  corresponds 
to  a  point  40  ft  from  the  leading  edge  and  an  aircraft  forward  speed  of  350  ft/sec.  The  jet 
noise  spectra  correspond  to  points  10  ft,  30  ft  and  50  ft  from  the  leading  edge  on  a  line  45 
degrees  around  from  the  horizontal  and  were  computed  using  the  scattering  technique. 

The  noise  reduction  through  the  bare  fuselage  is  shown  in  Figure  49  for  the  cose  of  fuselage 
excitation  by  boundary  layer  turbulence .  The  average  noise  reduct:on  obtained  from  the 
modal  summation  response  theory  is  shown  For  each  of  the  three  structural  models.  The  impor¬ 
tance  of  including  an  adequate  number  of  modes  »n  the  summations  Is  shown  in  Figure  49, 
where  the  rap*‘d  increase  in  noise  reduction  at  the  upper  end  of  each  frequency  range  may  be 
due  in  part  to  the  particular  number  of  modes  used.  Two  noise  reduction  curves  computed  from 
Field  Incidence  Mass  Law  are  also  shown  in  the  figure  for  comparison  purposes.  The  moss  den¬ 
sities  used  in  computing  these  curves  correspond  to  the  cylinder  and  single  panel  models  and 
the  effects  of  the  coupled  structural-acoustic  resonances  on  the  noise  reduction  can  be  clearly 
seen  in  the  10  Hz  -  100  Hz  region. 

The  incremental  transmission  losses  of  two  typical  fuselage  acoustic  treatments  and  the  corres¬ 
ponding  interior  noise  reduction  are  shown  in  Figure  50.  Details  ic  the  acoustic  treatment  are 
given  in  the  figure  and  in  Table  III. 

The  equivalent  reverberant  f  elds  for  boundary  layer  turbulence  and  jet  noise  are  shown  in 
Figure  51  which  was  constructed  from  the  normalized  structural  response  results  for  the  three 
structural  models.  This  figure  shows  thot  in  general  the  reverberant  field  is  more  efficient 
than  boundary  layer  turbulence  in  exciting  the  structure  at  low  frequencies.  It  is  emphasized 
that  the  equivalent  reverberant  Feld  for  boundary  layer  noise  is  highly  dependent  upon  the 
aerodynamic  parameters  as  well  as  the  type  of  structure  considered . 


The  untreated  fuselage  Internal  Noise  Level  is  shown  in  Figure  52  for  the  case  of  boundary 
loyer  turbulence.  This  figure  was  constructed  by  subtracting  the  average  noise  reduction 
shown  in  Figure  49  from  the  external  pressure  spectrum. 


Summary 

The  results  of  the  Foregoing  theory  were  programmed  for  computer  solution  and  on  overall  pro¬ 
yam  has  been  developed  to  provide  detailed  design  trade-off  studies  of  aircraft  acoustic 
treatments.  Complete  details  of  the  computer  program  are  presented  in  Appendix  II,  but  the 
principal  elements  can  be  summarized  as  follows: 

1 .  Coupled  resonant  frequencies  for  the  fuselage  cylinder  modes . 

2.  Coupled  resonant  frequencies  for  the  panel  group  and  single  panel  modes. 

3.  Joint  acceptances  of  the  cylinder,  panel  group  end  single  panel  models  to 
boundary  layer  turbulence,  jet  noise  end  reverberant  acoustic  fields. 

4.  Overall  levels  ond  frequency  spectra  for  boundary  layer  turbulence  and  jet 
noise . 

5.  Struetural-Ar oustic  response  of  the  three  models  to  the  external  environments. 

6.  Noise  reduction  for  untreated  and  acoustically  treated  fuselage  structures  and 
the  resulting  interior  noise  levels. 
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APPENDIX  I 


GENERALIZATION  OF  THE  ACOUSTIC-STRUCTURAL  COUPLING  OF 
CYLINDRICAL  SHELLS  AND  INTERNAL  ACOUSTIC  FIELD5 


In  Section  III,  o  method  of  cnolysis  is  set  forth  in  which  the  acoustic  field  of  an  open 
ended  cylindrical  cavity  is  dynamically  coupled  with  a  thin  cylindrical  shell  enclosure 
having  tangentially  pinned  ends.  It  is  shown  in  Section  V  how  the  dynamic  response  of 
this  coupled  acoustic -structural  system  can  be  obtained  for  external  fluctuating  pressure 
toads.  Also  treated  in  Section  III  is  the  two-dimensional  acoustic  field  generated  by  a 
vibrating  panel,  or  a  group  of  panels,  mounted  in  the  shell  wall  .  These  analyses  can  be 
generalized  to  cylindrical  sound  fields  with  dosed  ends,  end  to  three-dimensional  sound 
fields  generated  by  a  single  panel,  or  a  group  of  panels.  Tie  purpose  of  the  follow- 
discussion  is  to  set  forth  the  essential  concepts  and  methodology  involved  in  this 
generalization . 

Consider  a  cylindrical  cavity  of  length  L  and  radius  R;  and  let  (x,y,r)  denote  the  axial, 
circumferential  and  radial  coordinates,  respectively,  of  the  cavity,  where  y  =  R9  and 
$  is  the  circumferential  angular  coordinate.  The  internal  sound  field  is  governed  by  the 
wove  equation 


c  =  speed  of  sound . 

For  harmonic  response  of  this  sound  field  at  frequency  u,  the  solution  of  (1)  is 

P(x,y,r,t'  =  P(x,y,r,w)  eJ“t 
a>  co 


P(x,y,r,u)=  2  S 

m=0  »  =  Q 


X^tx)  Y„(7>  ^nT) 


(2) 


sm 
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Xw{x)  = 


A,wcos(K  Lx)  +  BmIm(K  Lx) 


K  +  b 

A m ,  =  constants  to  be  determined  from  boundary  conditions 

K;JJ  =  «wi/c  ~  axial  wave  number 
=  axial  resonance  frequency. 


(3) 


Y,W  - 


cos  (2;tir  y)  +  bR  sin  (2»2iiy ) 


(4) 


an,  =  constants  . 


J ,,,(aiJ<~)  ~  n-th  order  Bessel  function  of  the  first  kind. 


Ml 


K  =  u/c  =  wave  number 

x-  =  x/L  -  nondimensional  axial  coo.  'note;  0  <  x  <  1  . 
y  =  y/2-rrR  =  4>/2tt  =  nondimensional  circumferential  coordinate;  Q<  y  <  1  . 
r  -  r/R  =  nondimensional  radial  ccx>rdinate;  C  <  T  <  1  . 

P,;J>)  =  modal  pressure  amplitude . 

Partial  displacements  can  be  obtained  from  Newton's  second  law  of  motion, 

^  92  U  (x,y,r,t)  — 

P  - - -  +  V  P(x,y,r, t)  =  0 

3t2 

U  (x,y,r,t)  =  [ux,  Uy,  UrJ  =  particle  displacement  vector 

V  =  [i-  I  i_  ±1 

[9x'  r  3*'  9rJ 


(5) 


(6) 
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For  harmonic  response,  equation  (6)  reduces  to 
U  (x,y,r,u)  =  (pu2)-'  V  P(x,y,r,u) 

Substituting  (2)  into  (7)  and  solving  for  the  particle  displacement  components  gives 


Mx(*/y/r/«) : 

=  (pu2 

)_1 

00 

£ 

OO 

£ 

m= 0 

ii 

o 

D-' 

a> 

OO 

Uy(x,y,r,o)  : 

II 

tT 

£ 

E 

»  r«.w 

3 

ii 

o 

X 

11 

o 

00 

00 

Ur(x,y/r,w)  = 

:  (P«2 

R)h 

E 

«J=0 

£ 

n-0 

(7) 


(8) 

(9) 

(10) 


X'JR)  *dXM/X)/d(K#MLx) 

JX7)sdJ»(awT)/dt*»«F) 


By  application  of  homogeneous  (pressure  or  displacement)  boundary  conditions  at  the  two 
ends  of  the  cavity,  the  function  X^x)  defined  by  (3)  can  be  simplified  to  the  following 
for  open-open,  closed-closed  and  open-closed  ends: 


Xm<&)  -  sin  (wj  ex)  J 
w»»  =  c  K>«"W,rc/L) 


open-open  ends 


(ID 


X^X)  =  cos  (rxirx)  | 
u_  =  c  K  -  m% c/L  I 


closed-closed  ends 


(12) 


Xm(X)  =  sin  [(2  m  *  1)  *x/2]  | 
xc/2l| 


u  =c  K  =(2«  +  1) 
7n  m 


open  end  at  7  -  0 
closed  end  at  x  =  1 


(13) 
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"HIT  r  ~iQ">  ***“•*  *•"'  ■•> 

simplified  to  ***  »  ° '"  (4)  50  fhat  Unction  Y^y)  CQn  also  be 


YjCy)  =  cos  (2 nny) 


« .1*  enclosing  shell  is  rigid,  then  U,  =  0  at  F=  |;  ond  hence  f,oc(10) 


VSv  =  0 


04) 


(15) 


The  numerical  valoe,  of  o,  which  ore  toed,  of  (14)  denoted  by  the  symbol  « 

ZT  "  TOU'  '■  ^  *-  i  hjS  t^noe 

enc.e,  u  of  the  cavity,  where  (»,»,s)  refer  to  the  axid,  circumferential  and 
rod.al  mode  numbers,  respectively,  Settingu  =u  and  a  =  *  ,n  .  . 

foru  aiv«  ”*»*  **  *«  ,n  and  ^"9 


f0ruw»s  9ives 


u»i»s  [UTO  +  u*s]^  =  hard- wall  resonance  frequency 

"*»  =  “"s  C/R  =  reS.0n°nce  Frecluency  of  two-dimensional  mode  over 

CVI I nriar  — 


cyl  inder  cross-section . 

F,«n  (2),  the  internal  psessute  distribotion  associated  with  Ht.  (m^sj-mode  i, 

X^fx)  YJy)  JJar^r) 

? mm  "  Pre»««  amplitude  of  the  (m,»,S)-mode 
Similar  expressions  ore  obtainable  from  (8W10)  for  th.  partial.  dlspfccemenls . 

EZa£££;  “ ' ,£  otoSi  S’  f JJJT ' 

Shell  oteWaneedb,  the  elo,«=ond°S,l,"o  fo^TiX"Si”' C^’ f“f  1  *  *’* 
compatibility  regalromen,  which  for  o  honnonlcolly  vibwin,  *,11  con  £  Cted  os 


(16) 

(17) 

(18) 


[Ur(x,y,r,o)]r=R  =  U(w)  iU(x,y) 

U(«)  =  radial  amplitude  of  shell  vibration 

*{*’?)  =  *flecHOn  FunCHon  for  the  shel!  (°»™ed  to  have  a 

maximum  value  of  unity). 


(19) 


! 
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Substituting  (10)  into  (19)  gives 


(P“2  E  E  «„  fmnM  y  C«  J  -  U(»)^,y)  (20) 

w=0  n  =0 


Multiplying  both  sides  of  (20)  by  X  (x)  V  (y),  integrating  over  0  <  x  <  1  end  0<y<l, 
and  recognizing  that  eoch  of  the  sets  of  functions  are  mutually  orthogonal  gives 

pu2  RU(u) 


P  («)  =  -  r 

m nK  1  a  J  \a  )  Zmn 

t»  rt '  Ml  • 


(21) 


m  ny  nr 

1  1 


/ f  *C*,y)  X)M(s)  YR(y)  d*  dy 


0  0 


*mn  r  } 


r  1 
/ 


\£ 


X2  (5?)  d* 


J  Y2(y)  dy 


L0 


(22) 


The  constants  q  represent  the  coefficients  in  a  two-dimensional  Fourier  series  of  the 
^  tun 


normalized  shell  deflection  functionary);  that  is 

co  CD 

S  nn 


rii  — 0  n  =  0 


(23) 


The  internal  acoustic  pressure  and  the  radial  particle  displacement  can  now  be  expressed 
in  terms  of  U(u)  by  substituting  (21)  into  (2)  and  (10)  giving 


CD  co 


P(x,y,r,u)  =  pu2  RU(u)  E  XHJ(x)  Ytt(y)  — t 


»i  =  0  « =  0  “«»  “ 


(24) 


CD  CD 

Ur(x,y,r,W)  =  U(U)  £  E 
w=0  »=0 


J'(a  ) 

71  M 


(25) 


Similar  expressions  can  be  obtained  for  U*  and  Uy  from  (8)  and  (9). 
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^ (,5)  Qre,qUi'e  9!lnero1  jn  ,hot  d«-ibe  the  undamped  inferior 
f  “n  °Pen  or  c,«ed  «nded  cylindrical  cavity  for  ony  sheli  deflection 
pattern  and  tor  any  frequency.  The  deflection  distribution  function  Urfx  v>  mnu 

rf  <*  of  «»  .hell,  =  „od.  of  vlSrjfl  iioSd X. 

in  ""  **"  WO"'  ”  ""  ™i,°"  -Of-1  -Of-  of  o 

?)  =  ♦nW 

fmnn>  fhTaC°USHC  nUmberS  m°y  differ  from  the  structural  mode  numbers 

cnrs:°  ,hs  ,°"”’in9  ■*»"»  -  «- 


mn 


r; 

1 

r  j 

1 

J  X«iW  *«<*>  d* 

Lo 

J  Y„(y)  ♦  (7)  dy 

Lo  J 

r  i 

g* 

- 

L 

1  /  *>>  d* 

J 

f  Y>>  d7 

Lo 

Lo 

(26) 


Tbe  constants  g™  quantitatively  express  Ae  wavelength  coupling  between  the  shell 
mn  y)  IS  no.mal.zed  to  o  mox.mum  value  of  unity,  then  the  con- 

|CN  i-  ^-i«-pi.s„.3tan 

b.^„hich  .ho.  ^  f„™  of  ,1*.  coo.fon*  fo,  voHoo.  aeowio  fi.,*  (hell 


Example  1;  Open,  Pinned  End  Cylinder 

£2££3  * ."T  —  -  •— Wh-  Pfnn,0  oro.nd  *. 


«?_(*)  -  Sin  m  It  X, 
m  r 

♦n(?)  =  cos  2nir  y. 


®  1/2,3, .. . 

n  =0,1,2,... 


0<x<  1, 

0<7  <  1, 
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From  (11)  and  (14),  the  acoustic  field  functions  Xft>(x)  and  Y^y)  for  open  ends  are 

Xw(x)  —  sin  (twit  x),  0  <^x  1 ,  tn  =  1,2,3,... 

YB(y)  -  cos  {2«ir7)#  0  <  y  <  1 ,  »=0,1,2,... 

Substituting  these  expressions  into  (26)  and  integrating  gives 
m  n  __  j  if  m  -  m  and  n  ~  n 

s«»«  (27) 

=  0  if  m  jt  m  or  s  /  n 

Thus,  the (m,n)-mode of  the  pinned  shell  wall  couples  only  with  the  (m,n)— component 
of  the  acoustically  open  cavity,  as  discussed  in  Section  III. 

Example  2:  Closed,  Sliding  End  Cylinder 

Consider  a  uniform,  thin  cylindrical  shell  of  length  L  which  is  located  between  two 
plane,  parallel  rigid  walls  that  are  separated  by  a  distance  L,  such  that  the  axis  of  the 
shell  is  normal  to  the  wall  surfaces.  These  walls  are  assumed  to  provide  hard-wall 
acoustic  boundaries  at  the  two  ends  of  the  cylindrical  cavity,  and  to  provide  no  radial 
restraint  of  the  shell  wall  -  The  shell  is  assumed  to  have  sliding  ends  in  the  sense  that  os 
the  ends  vibrate  radially,  there  is  no  axiol  slope  of  the  shell  wall  at  the  two  ends.  In 
this  case,  if  the  shell  vibrates  in  the  (m,n)-mode,  the  structural  deflection  shape  may  be 
approximated  as  follows: 

a  (x)  —  cos  m  ir  x,  0  <  x  ^  1,  m— 0,1,2,... 

Tm 

(y)  =  cos  2  n  n  y ,  0  <.y  <.  i ,  n  =0,1,2,... 

From  (12)  and  (14),  the  acoustic  field  functions  X,„(x)  and  Y?i(y)  for  dosed  ends  are 
X,w(x)=cas  /nix,  0  <  x  <  1 ,  .«=  0,1,2,... 

Yffi(y)  =cos  2mry,  0<y<J/  »  =  0,1,2,... 

Substituting  these  functions  into  (26)  and  integrating  gives 

m  n  -  i  if  ni  =  m  and  n  =  n 

'« «  (28) 
=  0  if  m  /  m  or  it^R 

Thus,  the  (m,n)-mode  of  the  sliding  end  shell  well  couples  only  with  the  (m,n)-component 
of  the  acoustically  closed  cavity,  similar  to  Example  1 . 
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♦„0O  ~  sin  mirx. 

°<3T<  1, 

<"  =  1,2,3,... 

♦n(y)  =  cos  2niry, 

0<y  <  l. 

n  =0,1,2,... 

Xm(xJ  =  cos  m  ux. 

s 

vl 

IX 

VI 

o 

m  =0,1,2,... 

Ym(7)  =  cos  2ttiry, 

°<y  <  1, 

n  =  0,1,2,  ... 

E,“’i"  (2S)  ,h‘  «P™I«  for  H»  shvcfcrre-oecosHe  eoopllno 

.  .  m  n  r  j* 

constants  q  : 

m  n  _  - 

9/Hb  “0  if  »/n,  or  if  «i  =  m 

-  ill  _ 7  J  'f  «  =  odd,  m  =  even,  n  =  n; 

*  m2  -  '  (  or  If  «  =  even,  m  =  odd,  «  =  n  .  (29) 

Thus,  Hie  (m.nj-mode  of  the  pinned  end  shell  wall  ccjples  wJ,h  l„|(  „f  „||  ,fc, 
components  of  the  closed  oooostic  Bold.  A  table  of  voices  of  g™  |,  W„,  ,;mited 

ranges  of  the  integers  >n  and  m . 


Table  of  Numerical  Values  of  g™"  for  Closed,  Pinned  End  Cylinder 


Example  4:  Smell  Radiol  Piston  Mounted  in  Rigid  Cylindrical  Walls 


Consider  now  a  relatively  small  rectangular  piston  mounted  in  an  otherwise  rigid  cylindrical 

wall;  and  assume  that  this  piston  vibrates  harmonically  in  a  radial  direction.  The  piston  is 

assumed  to  be  centered  at  the  nondimensional  coordinates  (x,  y)  =  (*g  r  0).-  anc*  to  have 

non  dimensional  axial  and  circumferential  lengths  Ax,  Ay.  The  surface  deflection  function 

y)  —  1  . 0  over  the  surface  of  the  piston  and  t£r(x,  y)  —  0  off  the  piston  surface  so  that 

g  as  defined  by  (22)  becomes 
*mn  ' 


xq  +  Ax/2 

f  Ay/2 

/  X«re  d* 

J  Y„(y)dy 

xq- Ax/2 

-Ay/ 2 

'  1 

-  1 

/*>  dr 

/  Y*(y)dy 

lo 

0 

For  the  open  end  cylinder,  X;)i(x)  =  sin  in  r  x  and  Yn(y)  -  cos  2  n  try  so  that  from  (30), 

sin  (witt  Ax/2)  sin  (n  it  Ay) 

g  =  2  [2  -  6(w)l  Ax  Ay  -  sin(m  it  x  )— -  ,  ~  TZ  (31) 

a«iK  L  J  0  («in  Ax/2)  (uirAy) 


6(»)  =  I,  n  =  0 

=  0,  n  =  1 ,2,3,  — 


For  the  closed  end  cylinder,  Xw(x)  -  eos(»i  n  x)and  Yn(y)  -  cos(2  bt  y ),  and  hence 

sin  (wir  Ax/2)  sin  (sir  Ay) 

q  =  [2-  6(tK)l  [2  -  &(n)l  Ax  Ay  cos(w  nx  )— - - - !  “ 

9,nn  1  ^  J  L  J  0  ir  Ax/2)  U  tr  Ay; 

(32) 

5 (m)  =  1,  m  =  0  6 (»)  =  1,  n  =  0 

=  0,  m  =1,2,3,...  =0,  «  =  1,2,3,... 

Equations  (31)  and  (32)  show  that  the  magnitudes  of  the  gmn  coefficients  are  proportional 

to  the  nondimensional  area,  (Ax  •  Ay),  of  the  piston.  Except  For  certain  symmetric 
locations,  ,  the  piston  drives  almost  all  of  the  (w,n)-componertts  of  the  acoustic  field, 
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with  the  component  amplitudes  decreasing  approximately  as  7 /{mn)  for  large  integer 
values  of  >n  and  n .  Also,  note  that  for  Ax  «  1  ond  Ay  «  1,  a  large  number  of  low' 
order  acoustic  components  are  excited  to  nearly  the  same  aplitudes.  The  latter  is  due  to 
the  relatively  slow  decrease  of  s7n(m«  Ax/2)/(»nn  Ax/2)  and  sin  (nn  Ay)/(mr  Ay) 
with  increasing  m  and  n.  Physically,  this  implies  that  there  are  a  large  number  of  acoustic 
components  whose  wavelengths  are  greater  than  the  dimensions  of  the  piston .  Finclly, 
note  that  (31)  and  (32)  are  essentially  the  same  equation,  except  for  the  factors  sin 
and  co$(wr  ttXq);  and  hence,  the  small  piston  drives  the  acoustic  field"-  for  the  open  end 
closed  cylinders  to  roughly  equal  amplitudes. 

Example  5:  Two  Small  Adjacent  Radial  Pistons  Mounted  in  Rigid  Cylindrical  Wall 

The  piston  treated  in  Example  4  acts  as  a  monopole  source  driving  the  internal  acoustic 
field.  The  internal  sound  field  for  a  dipole  wall  source  Ts  expected  to  be  quite  different 
from  that  of  the  monopole  because  of  cancellations  due  to  phasing.  It  is  interesting 
therefore  to  extend  Example  4  to  the  case  of  two,  small,  adjacent  rectangular  pistons  each 
having  on  orea  (Ax  •  Ay),  and  each  vibrating  harmonically  with  the  same  amplitude  but 
opposite  phase.  For  convenience,  assume  that  the  two  pistons  are  centered  at 
(xq,  .25  -  Ay)  ond  (Xq,  .25  +  A 7);  and  let  the  deflection  function  t fr(x,  y)  =  1 .0  over 
the  surface  of  the  first  piston,  lir(x,  y)  -  -1  .0  over  the  surface  of  the  second  piston,  and 
tf(x,y)  =  0  outside  of  these  areas.  In  this  case  the  coefficients  g  as  defined  by  (22) 
can  be  found  From  the  expression 


xD  +  Ax/2 

.25  .25+ Ay 

J  Y b(7)  dy  -  J  Y^(y)  dy 

*0-A*/2 

.25- Ay  .25 

r  i  i 

y 

■  1 

J  x>  d* 

J  (7)  d  7 

.0 

-0 

For  the  closed  end  cylinder,  X^(x)  =  cos(«(  it  x)and  Y  (y)  =  cos(2b  iry)so  that 


9 


n,  n 


-  \2- 5(jw)3  [2- 5(b)]  (2  Ax  Ay)  cos^JMrxg) 


sin(;«nAx/2)  1  -  cos  (2«ir  Ay) 
(««  n  Ax/2)  (2  n  x  Ay) 


(33) 


where  8{m)  and  5(b)  are  defined  in  Example  4. 
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i 

V 


Forsnoll  voices  of  (2»,  Ay),  the  function  [l -c«(2**  A?)]/(2*,  Ay}*  ±  (2**A?)2; 


ond  hence,  the  amplitudes  of  the  low  order  circumferential  components  of  the  acoustic 
field  are  quite  snail,  which  is  expected  for  the  two-piston  dipole.  Note  that  the  corre- 

spond.ng  funct.cn,  s.nfo,  Ay)/(»x  Ay),  in  Exanple  4  is  nearly  equal  to  unity  for  low 
order  values  of  n . 


Consider  no#  the  equilibrium  coupling  between  the  acoustic  field  and  the  shell  For 
simplicity,  it  Is  assumed  here  that  the  entire  shell  is  vibrating  os  a  pinned  ended 
cylinder,  but  that  the  cavity  may  have  opened  or  dosed  ends,  if  the  cylinder  vibrates 

"T"  f?quency  w  ■vith  °  rad'al  deflection  amplitude  of  q  (o)  in  its  (v,n)-mode, 

then  by  (24),  the  internal  acoustic  pressure  generated  is  ',n 


oo 


oo 


P{x,y,r,u)  =  p«2  R%  (U)  £  £  9™  Xw(x)  Y  (y)  ■  ^ 

w=0  ji-0  n  a  J  (at  ) 

tu  n  x 


(34) 


Hr 


where  is  defined  by  (26) . 


It  is  sufficiently  general  to  assume  here  that  Yn(?)  =  <^(y) .  Furthermore,  the  set  of 
functions  ^(y)  are  mutually  orthogonal  and  hence  from  (26), 


vn  , 

9»n  '°'  n*n 


I 

/ 


*„,(*>  *v<*>  dJT 


=  gv  = 


n  =  n 


i 

/ 


(35) 


X'm&  ** 


Thus,  (34)  reduces  to 


P(x,y,r,„)  =  pu2  R%JU)  £  E  g*  X/W(S)  o  (7)  Jn(“W  19 


m—0  n=0  "  "  '  %  J’(«  J 


(36) 


Assume  that  several  shell  modes  are  vibrating  harmonically  at  frequency  u,  with  relative 
phase  angles  of  0°  or  180°.  The  total  Internal  pressure  field  generated  by  all  of  these 
modes  is  the  linear  summation  of  the  pressure  field  due  to  the  individual  modes.  Thus, 
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for  a  Fixed  circumferential  mode  number 
pressure  field  is,  from  (36), 


n,  and  for  all  shell  modes  v  =  1,2,3, 


the 


oo  oo  od 


P(X'y'r,“>  =  P“2  R  E  E  E  C.  fo>  gv  x  ft)  *  <y)  -Jn(Qr”»F) 

v  =  1  m=0  rt-0  ^  m  n  a  J'(a  )  ^ 

m  nl  /h* 

rf  »L Tm8/  =  1  (.37>  ?iV8S  *he  t0tal  acoustic  Preswre  acting  on  the  inner  surface 

of  the  shell,  for  a  s.ngle  value  of  n,  namely 


CO  CD  CD 


P(x,y,R^)  =  P«2  R  E  Eft  E  q^W  X  (x)  %{?)  -  ?  V 

v  =  l  w=0  n=0  w  n  a  j‘ ra  ) 

m  nl  m’ 

The  equation  of  motion  for  the  undamped  response  of  the  (m,n)-mode  of  the  shell  is 

"™[v,<»+“L  %,<>>]  ’’K'.m 


(38) 


(39) 


Mmn  ~  ^mn  PA  ~  generalized  mass 
£mn  =  generalized  mass  fraction 
F  =  mass  per  unit  area  of  shell 
A  =  total  area  of  shell 

“mn  =  resonance  frequency  of  the  (m,n)-mode 

=  generalized  force  due  to  internal  pressure 

I  1 

=  A  JJ P(x,y,R,t)  <pm(5E)  q>n(7)  dx  d y 
0  0 

P(x/X/R,t)  =  internal  pressure  acting  on  shell 

♦m(x)=sin  (mzx)  | 

(  =  shell  mode  shape. 

4>n(y)  =  cos  (2nTy)  | 
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If  the  shell  vibrates  harmonically  at  frequency  u,  all  of  the  above  time  varying  quantities 
can  be  replaced  by  corresponding  frequency  varying  quantities.  Then  (39)  reduces  to 


1  1 

*  [U1  '  “*]  e«mn(u)  =  *m(*)  tn(y)  dx  (40) 

0  0 


Substituting  (38)  into  (40),  noting  the  mutual  orthogonality  of  the  set  of  functions  9  (y), 
and  employing  the  definition  (35)  gives  n 


(41) 


-  1 

-  1 

(wn 

/x 

0 

0 

=  —  for  open-open  or  closed-closed  ends . 


(42) 


Equation  (41)  yields  the  coupled  resonance  frequencies  of  acoustic-structure  system  modes, 
and  is  valid  for  open-open,  closed-closed  and  open-closed  cavities.  As  shown  by 
Example  1  for  an  open-open  cylinder,  g™  =0  if  ui  /  m  and  g™  =  1  if  m  -  m;  and  hence 

with  v  =  m  -  m  and  e  =  £  ,  (41)  reduces  to 

mn  nun 


p  f/‘ 

j  \ 
mn  \ 

1 

pr  [r 

u  / 

J  «mJnKn> 

open-open  ends . 

(43) 

The  essential  conclusion  that  can  be  drawn  from  (41)  is  that  for  a  closed-closed  cavity, 
each  shell  mode  is  coupled  with  almost  a1!  acoustic  modes  (having  the  same  circumferential 
mode  number  n);  and  vice  versa.  Hence,  all  of  the  shell  modes  are  coupled  by  the  internal 
acausric  field  and  all  of  the  internal  acoustic  modes  are  coupled  by  the  shell .  Analysis  of 
the  internal  sound  field  for  a  closed-closed  cylinder  is  therefore  considerably  more  complex 
than  for  open-open  ends.  In  the  lower  frequency  range,  this  mathematical  complexity  is 
offset  to  a  degree  by  the  fact  that  the  magnitude  of  the  coupling  is  probably  small  for 
structural  and  acoustic  modes  whose  resonance  frequencies  are  well  separated.  On  this 
basis,  it  is  felt  that  if  proper  numerical  analysis  procedures  are  applied  to  (41),  computations 


of  coupled  resonance  frequencies  would  not  be  difficult.  Some  study  would  be  required, 
however,  to  determine  the  accuracy  with  which  these  coupled  frequencies  must  be  esti¬ 
mated  in  order  to  achieve  an  accurate  estimate  of  the  strength  of  inter-modal  coupling. 

Once  coupled  frequencies  and  coupled  mode  shapes  have  been  determined  for  the  acoustic 
structural  system,  the  analysis  required  to  obtain  system  response  to  external  fluctuating 
pressures  follows  the  same  lines  as  that  presented  in  Section  V.  It  should  be  noted  finally 
that  the  chief  reason  for  investigating  the  closed-closed  cylinder  is  to  obtain  more 
realistic  estimates  of  transmission  loss  in  the  low  frequency  range  where  the  internal  sound 
field  may  be  stiffness  controlled.  The  open-open  cylinder  follows  o  moss  low  below  the 
fundamental  cavity  resonance  and  is  thus  somewhot  unrealistic  :n  this  frequency  range. 
However,  above  the  first  few  axial  modes,  both  the  open-open  and  closed-closed  cylinders 
are  expected  to  behove  similarly  since  the  effects  of  acoustic  end  restraint  decrease  with 
increasing  order  of  the  axial  modes. 


In  Sections  III  end  V,  and  in  the  above,  the  internal  acoustic  field  quantities,  such  as 
pressure  and  particle  displacement,  are  expressed  as  doubly  infinite  series  over  the  axial 
and  circumferential  mode  numbers  (ifc,  «).  Examples  of  these  are  shown  in  equations 
(2),  (SJ— (1 0) .  These  series  of  expressions  are  modal  expressions  over  the  axicl  and  cir¬ 
cumferential  components  of  the  three-dimensional  acoustic  modes;  however,  the  countably 
infinite  set  of  modes  associated  with  the  radio!  components  of  the  acoustic  field  ore  oil 
contained  within  the  functions  ^n[an  r)  and  J^(o:^7}  appearing  in  (2),  (8)-(IO).  An 

alternate  functional  form  for  the  acoustic  field  quantities  can  be  developed  as  triply 
infinite  series  over  the  axial,  circumferential  and  radial  mode  numbers  s).  The 

purpose  of  the  following  discussion  is  to  show  how  this  expansion  can  be  accomplished 
and  to  present  the  final  series  so  obtained.  Unless  otherwise  stated,  it  is  assumed  that 
the  acoustic  field  is  harmonic  at  frequency  u  . 

Equation  (18)  shows  the  form  of  the  Internal  acoustic  pressure  distribution  for  the 

,s)-mode.  Follow:ng  the  methods  of  classical  analysis,  the  net  acoustic  pressure 
at  any  point  within  the  field  can  be  expressed  os  the  summation  of  the  pressures  due  to 
the  individual  modes.  Thus,  P(x,y,  r,o)  might  be  written  in  the  form: 


P(x,y,r,u) 


oo  co  ao 

^  S  P  (“)  X  (x)  Y  (y)  J  (nr  r) 
m- 0  s=0  s=0 


(44) 


If  (44)  is  substituted  into  (7),  the  following  comparable  expressions  are  obtained  for  the  modal 
expressions  of  the  particle  displacement  components: 

OP  00  OP 

Ux(x,y,r,o)  =  (poV  E  ZE  Kh<  P  (u)  x;jx)  Yn(?)  Jn(a  r)  (45) 

m=  0  n  =0  s=0 
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CO  OO  CO 


U(x,y,r,«)  =  (p«2  if1  SEE*  Pmjts(«)  Xm(x)  Y^y)  («  T)  (46) 


m=0  »=0  s=0 


CD  CD 


-  (p»! «)-'  Z  Z  Z  «„  P„.SW  x„W  V.W  J>„T>  <44 

im=Qb=0s-0 


Thus  expanding  the  acoustic  field  in  terms  of  the  hard  wall  resonances  requires  only  a 
knowledge  of  the  modal  pressure  amplitude  Pm  s*  As  an  example  of  how  these  pressure 

amplitudes  can  be  determined,  consider  the  cose  of  equation  (24).  To  expend  (24)  in 

terns  of  (im,  *,$}-modes,  equate  (24)  to  (44),  multiply  both  sides  of  the  resulting  equation 

by  X  (55)  Y  (7),  integrate  each  term  over  the  range  6  <  x  <  1 ,  0  <  y  <  1 ,  ond  use  the 
r  m  m 

fact  that  each  of  these  sets  of  functions  XH4(35)  and  Yn(7)  are  mutually  orthogonal .  The 
resulting  equation  is 


pa2  R  Ufa) 


9m*  Jn(anJ> 


CD 


or  J*  (or  ) 

m  *v  mf 


=  Z 

s=0 


P  fa)J  (at  r) 
m«s'  ‘  «'  » is  ' 


(48) 


Now  let  or  be  a  root  of  the  equation 


(49) 


Multiply  both  sides  of  (48)  by  7  Jn(«  r  )  and  i  ntegrote  each  term  over  the  range  0  <  T  <  I , 
giving 


p  u2  R  dmH  U(*»)  f 

am  J  J 


7  J  (a  r)  J  (at  r)  dr  = 
«'  m  '  nv  «v 


7Js<flr«s15J«<a«v7>  d7 


(50) 


The  following  two  Bessel  function  relations,  along  with  (49)  are  helpful  in  expanding  the 
two  integrals  appearing  in  (50): 
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(51) 


J*(a»s>  =  r-  J«KJ  -  J  +,(«  >  =  0 


«'  8  +  1' 


Based  on  (51),  the  two  integrals  in  (50)  can  be  expressed 


as 


f  r  J  (a_  r)J  (a  t)  a-  =  J8  +  l(gm>  ~  ttav  Ja  +  1  C^) 

y  n  m  «'  «v  5  » - '  - 


am~  a* 
m  rv 


(52) 


a2  _  2  3  KV7  r'  »«■' 

»V  ~  »« 


I 

f  T  J  Jet  rl  J  fa  71  =  f*s  J#  +  * “  a»v  J«(QW  Jr  +  1<«*J 

J  ”  **  n  BV  '  5  5~ - - - - - 


<4-  a2 

8S  Rv 


"  [J”(Qrny)J8Ks)-^4s)JM(^v)| 


(53) 


a2  -  a2 

8S  RV 


0  if  s/v  (orthogonality  property) 

1 

o 

=  2  f1  * 

Substituting  (52}-(54)  into  (50),  setting  v  =  s,  and  solving  for  P  give, 

Wins  3 


(54) 
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Wu>  = 


2  p  u2  R  g  U(o) 

_ • _  tnti _ 

[a2  -  or*  "]  1  -  /_!L\  J  (or 

L  ns  rn]  n  n 


.  2 

Using  (5),  (16)  and  (1  7),  the  quantity  cr2s  -  a ^  can  be  rewritten  in  the  following 


2  2  _  /Rf  r  2  2  ,  2  I 

a  -  a  -  I— I  la  -  a  +o_ 

»s  m  \cf  l  ns  mj 

-Iff 

■ff-M'-teJ] 

Substituting  (56)  into  (55)  gives 


P-Ju)  -  2  p  c 

MIMS 


2  UM 


'  mnsf 


'  ns7 

Substituting  (57)  into  (44)- (47)  gives  the  desired  modal  expansion  of  the  internal 
acoustic  field,  for  an  open-open  or  closed-closed  cylindrical  cavity,  for  an  arbitrary  known 
wall  motion.  The  resulting  modal  expressions  are  convenient  in  that  damping  of  the 
acoustic  field  can  be  introduced  in  the  conventional  manner  used  in  structural  analysis. 

Let  Q  denote  the  dynamic  magnification  factor  at  resonance  for  the  («ms)-mode- 

77DES 

Then  with  an  equivalent  linear  viscous  damping  introduced,  the  expression  far  (57)  can 
be  rewritten  in  the  alternate  more  general  form: 


■ **  ¥  f - t? -  (z^j  h(^M 

'  ns' m 


i 


H 


e 

naa 


—  ton 


(59) 


(60) 


It  is  now  o  relatively  straightforward  exercise  to  study  the  infernal  sound  field  generated 
by  a  Known  wall  motion,  such  as  for  a  piston  or  an  overall  shell  mode. 


] 
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APPENDIX  II 
THE  COMPUTER  PROGRAM 


1.  GENERAL 

The  equations  and  expressions  given  In  the  foregoing  sections  of  this  report  have  been  pro¬ 
grammed  in  the  FORTRAN  IV  language  for  evaluation  by  a  digital  computer.  The  programs 
have  been  written  according  to  the  requirements  of  the  IBM  7094  FORTRAN  IV  implemen  tatior 
and  are  intended  to  be  run  on  the  coupled  IBM  7094-7044  computer  system  installed  at  the 
Digital  Computation  Division,  Wright-Potterson  AFB. 

A  diagrammatic  representation  of  the  overr'l  program  organization  is  shown  in  Figure  53; 
the  program  has  been  divided  into  five  independent  sections,  but  with  some  common  parts, 
as  indicated  in  Section  5  of  this  Appendix,  for  convenience  of  handling. 

This  Appendix  defines  the  input  data  requirements  and  formats,  defines  the  remaining  COAMON 
storage  variables,  provides  a  brief  description  of  each  routine  comprising  the  programs  and  th® 
method  of  sub-division  into  five  separate  programs.  A  description  of  the  output  from  each 
program  is  given  together  with  computer  output  examples,  end  finally  indications  are  given 
of  changes  ne  >  cv»ry  to  expand  the  programs  to  deal  with  different  ranges  of  various  param¬ 
eters. 

2.  DEFINITION  OF  INPUT  DATA 

a.  Variable  Parameters  Required  by  the  Programs 

The  following  table  contains  a  list  of  all  the  input  parameters  required  by  the  various  pogroms 
together  with  units  and  dimensions,  the  FORTRAN  variable  name,  the  FORTRAN  cord  punch¬ 
ing  format,  units  of  the  parameter  within  the  program,  the  data  card  number  and  columns  on 
the  card  occupied  by  the  item  of  data. 

The  input  parameters  have  been  divided  for  convenience  of  description  into  sub-sections  as 
indicated  in  the  list,  but  this  has  no  effect  on  the  punching  format .  It  should  be  noted  thot 
all  five  program  sections  do  not  use  all  the  data  listed  in  the  table,  but  to  maintain  conti¬ 
nuity  the  input  routines  of  all  the  programs  use  the  soma  read  statements  for  this  data  and 
thus  reauire  the  same  cards.  Parameters  which  are  not  used  by  a  particular  program  may  be 
left  blank  in  the  parameter  input  cards  for  that  program  (see  2d.). 
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Initial  load/unif  length  in  window  in  Ib/ft.  WSTRX  Ib/ft.  F10.5  3  71-80 

axial  direction 


Structural  Configuration  (Continued) 


b.  Tabulated  Functions 


In  addition  to  the  foregoing  parameters,  tables  of  various  functions  are  required  as  follows: 
(1)  Jet  Noise  Calculation 
Toble  DKTBL 

Table  of  directivity  function  as  a  function  of  directivity  angle  0  in  degrees  and  modified 
axial  Strouha!  number,  as  given  in  Figure  30.  This  table  of  values  Is  stored  In  a  two- 
dimensional  array  named  DRTbL  with  dimensions  II,  25.  From  Figure  30  o  set  of 
values  of  10  log  f  (0)  are  provided  for  the  II  values  of  0  which  are  given  on  the 
figure  and  for  25  values  of  x/Xg  starting  at  0.5,  with  initial  interval  0. 1,  and  going 
to  100.0  on  a  logarithmic  scale.  The  interval  in  x/Xg  is  multiplied  by  10.0  in  each 
decade . 

If  it  is  desired  to  replace  the  directivity  function  provide^  the  new  values  are  punched  in 
the  format  I  IF  7.2  per  card,  with  one  cord  corresponding  to  each  value  of  x/XQ  and 
the  II  numbers  corresponding  to  the  II  values  of  0  given  in  Figure  30. 

Toble  ACPOW 

One-dimensional  array  of  maximum  dimension  33  containing  overall  acoustic  power  per 
unit  value  of  jet  exhaust  as  a  function  of  ratio  of  downstream  distance  to  jet  exit  radius  on 
a  logarithmic  scale.  The  table  layout  is  given  below.  A  set  of  values  is  provided  based 
on  Figure  28. 

Toble  CORPOW 

One -dimensional  array  of  maximum  dimension  33  containing  normalized  acoustic  power 
OS  a  function  of  axial  StrOuhal  number,  for  the  core  region  of  the  jet,  on  a  logarithmic 
scale.  The  toble  layout  is  given  below.  A  set  of  values  is  provided  based  on  Figure  26. 

Table  DOWPOW 

One-dimensional  array  of  maximum  dimension  33  containing  normalized  acoustic  power 
as  a  function  of  axial  Strouha!  number,  for  the  region  of  the  jet  outside  the  core,  on  a 
logarithmic  scale.  Table  layout  is  given  below.  A  set  of  values  is  provided  based  on 
Figure  27. 


Fomwt  of  Tobies  ACPOW,  CORPOW,  POWPOW 


First  value  in  table:  Starting  value  of  independent  variable  (logarithmic  scale) 

Second  value  in  table:  Interval  in  independent  variable  in  decade  1-10  (multiplied  by 

10  in  each  subsequent  decade  and  divided  by  10  in  each  prior 
decade) 


Third  value  in  table: 


Number  of  values  of  dependent  variable  in  table 


Fourth  and  subsequent : 
values 


Dependent  variable  corresponding  to  the  independent  variable 
value 


The  above  tables  ore  punched  on  cards  in  the  format  1 1  F  7.2  per  card.  Three  cards  must 
be  provided  for  each  table. 


(2)  Absorption  Coefficients  for  Interior  Surfaces 


Table  ABSCOF 


This  table  contains  values  of  the  fuselage  interior  absorption  coefficient  as  a  function  of 
frequency.  The  table  contains  10  values  of  absorption  coefficients  specified  at  the  follow¬ 
ing  frequencies  (in  cycles/second): 

100,  300,  500,  1000,  2000,  3000,  4000,  5000,  6000,  7000. 

The  table  is  punched  or-  one  cord  in  the  format  10  F  7.2.  Input  parameter  number  57  is 
the  absorbing  area  associated  with  these  coefficients.  Some  typical  values  of  absorption 
ceofficient  are  given  in  Table  IV. 

c.  Notes  on  Input  Data 

(1)  Item  20  is  the  number  of  windows  in  the  particular  fuselage  cross-section  used 
for  the  high  frequency  model.  The  number  will  normally  be  2  or  0;  If  0 
then  items  21-26,  39  will  also  be  zero. 

(15  If  item  27  is  0  then  -terns  28-32  are  also  zero. 

(3)  Modulus  of  rigidity  for  the  shell  material  is  calculated  from  E/2  (1  +  v). 

d.  Input  Data  Set-up  for  the  Various  Programs 

(1)  Tabulated  functions  DIRTBL,  ACPOW,  CORPOW  and  DOWPOW  are  required 
only  for  the  Jet  noise  calculation  program,  the  principal  routine  of  which  is' 
JTNSE,  in  which  case  the  data  set-up  is  as  follows: 

TcO 


25  cards  for  DIRTBL 
3  cards  for  ACPOW 


3.  3  cards  for  CORPOW 

4.  3  cards  for  DOWPOW 

5.  Parameter  cards  as  given  in  2a  Of  these  parameters  only  those  numbered 

'  IV  !'  50  fhr0<J9h  55'  65  ^r<xgh  71,  ond  77  through  33  are 
used  by  the  jet  noise  program.  " 

(2)  Tabulated  function  ABSCOF  is  required  only  for  the  acoustic  treatment  noise 
reduction  program  and  the  one  card  containing  the  coefficients  precedes  rhe 

parameter  cards  described  in  2a.  The  number  of  elements  (or  layers)  in  the 

acoustic  treatment  must  not  exceed  10  of  which  na  more  than  5  are  poraus 
blankets.  Only  parameters  numbered  I,  %  3, 4.  76  27  28  33  ->o  .n 

47, 48  and  56  through  71  qr.us«lbyiheo«wstic  treatment  noise 

<3)  It*  i"Wior  ~P««.  P~g™™  require  only 

h,™h“L  TV  *  0  in  which  coseqords  uonmining item,  58 

through  64  are  not  required.  Other  parameters  which  are  not  used  by  these 

,hr!’<55-  57  md  77  ■»£££ 

numbered  13  through  15  ore  used  only  by  the  intermediate  frequency  panel 
group  program  and  parameters  17  through  26  ore  used  only  by  the  high  fre¬ 
quency,  single  panel  program.  7  7  9 

3.  COMMON  VARIABLES 


a.  Numbered  (Blank)  Common 


Variable  Name 
NPTSW 


NPTSX 


Definition 


NPTSY 


Number  of  frequency  values,  and  hence  the  number  of  results, 
in  the  low  frequency  range. 

Number  of  frequency  values  in  the  intermediate  frequency 
range.  n  7 

Number  of  frequency  values  in  the  high  frequency  range. 
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Vorioble  Nome 
FJ(5) 

TEMP  1  ,T  EM  P2  r  TEMP3 
TEMP4 

GIN 

RECYL 

REX 

CONST1, CONST  2, 
CONST3,CONST4 

m 

FMIS 

SMia 

DPANEL 
DWNIOW 
X  PANEL 

YPANEL 

SMASS 

NPANEl 

SBAR 

REAR 


Definition 

Array  used  to  return  valuesoF  Besse  I  functions  of  the  first 
kind  of  integer  order  from  routine  &SSLJ. 

Locations  used  as  general  purpose  temporary  storage 
locations. 

Dynamic  pressure,  calculated  in  routine  INHL. 

Reynolds  number  for  the  total  fuseloge  (low  Frequency) 
case  based  on  length  BECYL  . 

Reynolds  number  for  the  panel  (intermediate  end  high 
frequency)  cases  based  on  length  SEX  . 

Variables  pre-set  in  routine  INITL  for  subsequent  use  by 

routine  BLNOIS . 

Mach  number 

Frame  second  moment  of  area  about  center  of  area  in 
bending  (i.e  axis  parallel  to  skin) 

Stringer  second  moment  of  area  about  center  of  orea  in 
bending  (i.e axis  parallel  to  skin) 

Panel  flexural  rigidity  Et3,/12(I  —  v) 

Window  panel  flexural  rigidity 

Individual  skin  panel  length  in  the  asciol  direction  (i.e., 
between  frames) 

Individual  skin  panel  •width  in  the  circumferential 
direction  (i.e.,  between  stringers) 

Mass  of  the  cylindrical  shell  and  stiffeners 

Number  of  skin  panels  around  the  cyl  inder  circumference 

E  A  /Etd  )  Parameters  for  computing  frequencies  of 
5  s  >  stiffened  shell  in  routine  APPEND  - 

E  Af/Etjf  )  (Fran  Equation  2.24). 
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Variable  Name 


Definition 


ZSQ 

ZSOVR 

ZROVR 


L*  (i  -  v2)/fi2  t2  from  Equation  (2.24) 

Distance  from  skin  center  line  to  stringer  center  of  area 
Distance  from  skin  center  line  to  frame  center  of  area 


BARM 

PTERM 


Cylinder  mass/unit  area  multiplied  by  L* /tAD 
(PSTI-PIN)  multiplied  by  L2 /r2  D 


PARI 
PAR  2 
PAR3 
PAR4 

FREG  (100) 
SWBL  (100) 

SWRF  (100) 

SWJN  (100) 

SPIBL  (100) 
SPIRF  (100) 


V/>d 

GsJ2/Dd 

G  J  /Df 

r  r 


Parameters  for  computing  natural 
frequencies  of  stiffened  shell  in 
routine  APPEND  -  Equation  {2.22) 


Values  of  frequency  at  which  results  are  calculated 


Power  spectral  density  of  structural  response  of  the  various 
fuselage  models  to  boundary  layer  excitation  divided  by 
corresponding  value  of  boundary  layer  pressure  p.s.d.  (SP) 


Power  spectral  density  of  structural  response  of  the  various 
fuselage  models  to  a  reverberant  sound  field  divided  by  the 
corresponding  pressure  p.s.d. 


Power  spectral  density  of  structural  response  of  the  various 
fuselage  models  to  jet  engine  noise  divided  by  the 
corresponding  value  of  jet  noise  pressure  spectrum 

Internal  pressure  spectral  density  due  to  boundary  layer 
excitation  divided  by  boundary  layer  pressure  p.s.d.  (SP) 

Internal  pressure  spectral  density  due  to  reverberant  field 
excitation  divided  by  the  external  pressure  p.s.d. 


SPUN  (100) 


Internal  pressure  spectral  density  due  to  jet  noise  excita¬ 
tion  divided  by  the  jet  noise  pressure  p.s.d. 
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Variable  Name 


Definition 


SFWSBL  (50) 

SPWSJN  (5C) 

SPvVSRF  (50) 

SWSBL  (50) 

SWSJN  (50) 

SWSRF  (50) 

ICOUNT 
R1  BAR  (5) 

RQ1  BAR  (5) 

PRR  (10) 

PRI  (10) 

TRL  (100) 

TRLAT  (100) 

TRIWS  (50) 


I  Internal  pressure  spectral  density  due  tc  window  response 
I  tc  boundary  layer  noise,  non-dimensional  ized  as  for 
|  SP3BL  (high  frequency  model). 


Internal  pressure  spectra!  density  due  to  window  response 
to  jet  noise,  non-dimensionalized  as  for  SPUN  (high  fre¬ 
quency  model) 

Internal  pressure  spectral  density  due  to  window  response 
to  a  reverberant  field,  non-dimensionolized  as  for  SPIRF 
(high  frequency  model) . 

Structural  response  spectral  density  of  windows  to  boundary 
layer  noise  ratioed  as  for  SWBL  (high  frequency  model) . 

Structural  response  spectral  density  of  windows  to  jet  noise 
ratioed  as  for  SWJN  (high  frequency  model) . 

Structural  response  spectral  density  of  windows  to  rever¬ 
berant  field  ratioed  as  for  SWRF  (high  frequency  model). 

Frequency  term  counter . 

The  part  of  the  dynamic  flow  resistance  independent  of  fre¬ 
quency  is  calculated  for  each  porous  blanket  in  routine  INUL 
and  stored  here. 

The  part  of  effective  air  density  Independent  of  frequency  is 
calculated  for  each  porous  blanket  in  routine  INITL  and 
stored  here 

Rea!  port  of  pressure  ratio  across  acoustic  treatment. 


Imaginary  part  of  pressure  ratio  ©cross  acoustic  treatment. 

Transmission  loss  of  the  structure,  with  all  responses 
converted  to  equivalent  reverberant  field. 

Transmission  loss  due  to  acoustic  treatment,  function  cf 
frequency . 

Transmission  loss  due  to  windows. 
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Variable  Name 


Definition 


'  TRF  (100) 

SPJET  (100) 

WST 

WAT 

OMEG 

THETA 

AOVS 

PBDENS  (5) 

b.  Labeled  Common 

Labelled  common  variables 
and  modes  for  the  groups  of 
defined  as  follows: 

Variable  Name 

A  (2,2,161) 

STR  (6) 

AN1T  (3) 

31  OR 

XM 

OMEGA 


Noise  reduction  due  to  absorption  by  interior  furnishings. 

Sound  pressure  level  in  dB  relative  to  0.0002  dynes/cm2 
at  the  chosen  point  on  the  Fuselage  due  to  jet  engine  noise. 

Weight  of  the  structure. 

Weight  of  acoustic  treatment 

Frequency:  used  in  the  acoustic  treatment  routines. 

Sound  wave  incidence  angle  for  acoustic  treatment 
transmission  loss  calculation. 

interior  absorption  equivalent  area  divided  by 
surface  area  of  the  cylinder 

Densities  of  porous  blankets  involved  in  the  acoustic 
treatment  (obtained  from  input  parameter  cards). 


ore  used  by  the  routines  which  calculate  the  natural  frequencies 
panels  in  the  intermediate  frequency  case.  The  variables  are 

i  Defin  ition 


Three-dimensional  array  of  coefficients  of  the  frequency 
Equation  (2.48).  Zeros  of  this  determinant  give  the 
natural  frequencies. 

Stringer  force  and  moment  terms  (other  than  those  involving 
frequency)  which  are  used  by  routine  FORMTX  in 
form  ing  A . 

Array  containing  stringer  and  panel  constants. 

Elements  of  transfer  matrix  R.  evaluated  in  routine 
SPASET  (see  Equation  (2.40)'. 

Elements  of  matrix  F  evaluated  in  routine  SPASET. 

Frequency  in  rads/sec. 
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Variable  Name 


Definition 


PBL 

D1 


used  in  Equation  (2. 36) 


XCOEF  (820  Modal  constants  A](.  A?,  A3,  A^  for  each  panel  in  ihe  group 

(see  Equation  2.35). 

4.  DESCRIPTION  OF  THE  ROUTINES  COMPRISING  THE  PROGRAMS 

This  section  contains  a  brief  description  of  each  of  the  subroutines  which  comprise  the  five 
computer  programs. 


a.  Main  Program 

Ti»*.  main  oroqram  in  each  case  reeds  the  input  parameters  ond  tables  as  specified  in  2,  con¬ 
verts  the  units  where  necessary  and  calls  the  various  other  routines  as  required.  The  input 
data  is  transmitted  to  the  other  routines  via  common  storage. 


b.  Routine  WTANSS 

This  routine  calculates  the  weight  of  the  structure  and  acoustic  treatment,  calculates  the 
various  structural  constants  and  the  modifications  due  to  a  double  skin,  where  appropriate, 
according  to  Equations  (2.2)  to  (2.9).  Panel  density,  stiffness  and  damping  are  modified 
to  allow  for  addition  of  damping  material  if  this  is  specified  in  the  input  data. 

The  input  parameters  (for  the  three  structural  -  interior  response  programs)  are  added  to  the 
printed  output,  identified  by  their  parameter  number? . 

c.  Routine  INITL 

This  routine  calculates  various  constant  terms  used  at  a  later  stage  in  the  program;  these  con¬ 
stants  Include  Reynolds  number,  boundary  layer  thickness,  Mach  number,  dynamic  pressure 
and  the  structural  constant  terms  used  in  the  calculation  of  shell  natural  frequencies.  The 
constant  parts  of  R  1BAR  and  ROl  BAR,  used  in  calculating  the  acoustic  impedance  of  porous 
blankets,  are  also  calculated  (see  Equations  (6.26)  and  (6.27)). 

Reynolds  numbers,  boundary  layer  thickness,  dynamic  pressure  and  structural  weight  and  mass 
are  printed. 
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d.  Routine  CYLRES 


TSis  routine  calculates  the  structural  and  internal  pressure  response  for  the  low  frequency, 
complete  fuselage  case.  The  steps  in  the  routine  are  as  Follows: 

(1)  A  pair  of  nested  loops  with  loop  variables  NN  and  M  control  the  summation 
of  modes  n  and  m  respectively,  according  to  Equation  (5.59). 

(2)  Routine  APPEND  is  called  to  calculate  shell  natural  frequency  and  coupled 
natural  frequencies  and  generalized  messes  according  to  Equations  (2.22), 
(3.30)  and  (3.42).  The  required  number  of  frequencies  are  calculated  as 
specified  by  input  item  73-  number  of  circumferential  acoustic  modes. 

(3)  For  each  frequency  in  the  range  W1  to  W2  the  contribution  to  the  structural 
response  is  calculated  and  summed.  Routines  SLNOlS,  JMSQJN,  JNSGJN, 
JMSQBL,  JNSQBL,  JMSQRF,  JNSQRF  are  called  to  calculate  the  joint 
acceptance  to  the  various  environments. 

(4)  An  inner  loop  with  loop  variable  S  is  used  to  sum  over  the  acoustic  mode 
number  s  cccording  to  Equation  (5.26). 

(5)  Contributions  to  the  summation  term  of  the  interncl  response  Equation  (5.28) 
are  calculated. 

(6)  The  Frequency  is  incremented  by  DELW  (or  2°.DELW  where  n  is  the 
octave  number  starting  From  WJ)  and  if  the  Frequency  is  less  than  W2  the 
procedure  is  repealed  from  (3) .  . 

(7)  At  the  end  of  the  two  loops  mentioned  in  (1)  a  further  loop  is  used  to  multiply 
the  summation  terms  by  the  appropriate  constants. 

(8)  The  number  of  frequencies  at  which  results  ore  obtained  is  stored  in  NPTSW 
and  the  frequencies  in  array  FREQ. 

e.  Routine  APPEND 

This  routine  calculates  the  shell  natural  frequencies,  the  coupled  cylinder-air  natural 
frequencies  and  generalized  masses. 

Formal  parameters  are: 

NN  mode  number  in  circumferential  direction 

M  mode  number  in  longitudinal  direction 
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WMNS 


array  for  return  of  coupled  natural  frequencies 
GENM  array  for  return  of  generalised  masses. 

The  steps  in  the  progrcm  are: 

(1)  Calculate  the  shell  natural  frequency  according  to  Equation  (2.22)  using  the 
constants  SBAR,  RBAR,  Z5Q,  ZSOVR,  ZROVR,  BARM,  rfcRM,  PARI,  PAR 2, 
PAR3  and  PAR4  calculated  in  routine  1NITL  and  stored  in  common  area. 

(2)  For  the  NS  I  mode  numbers  calculate  coupled  natural  frequencies  by  an  iterative 
solution  of  Equation  (3.30)  using  routine  REGFAL  and  NATF1  and  also  store 
the  result  in  array  WMS. 

(3)  Calculate  generalized  masses  from  Equation  (3.42)  and  store  in  array  GENM. 
f.  Routine  BLNOIS 

This  routine  calculates  the  boundary  layer  turbulence  convection  velocity  and  turbulent 
pressure  power  spectral  density. 

Formol  parameters  arc: 

OMEGA  frequency 

UCV  convection  velocity 

Convection  velocity  is  calculated  from  Equation  (4. 15)  depending  on  the  Mach  number  and 
pressure  power  spectra!  density  from  Equation  (4.5).  Constant  farms  which  depend  on 
Reynolds  number  and  Mach  number  are  calculated  by  routine  INITL  and  stored  in  common 
area. 


g.  Routine  NATFl 

This  routine  is  used  in  the  iterative  solution  of  Equation  (3.30).  The  expression  on  the  left 
hand  side  of  the  equation  is  evaluated  using  routines  BSSU  or  BSSLI  to  calculate  unmodi¬ 
fied  or  modified  Bessel  functions  of  the  first  kind  and  integer  order,  depending  on  whether 
the  acoustic  axial  natural  frequency  u  is  greater  than  or  less  than  si,  and  returned  in 
formal  parameter  FX.  Formal  parameter  X  contains,  on  entry  to  the  routine,  a  value  of 
the  variable  si. 

Entry  points  NATFE2  and  NATFE3  are  used  to  pre-set  values  of  shell  frequency  and  mode 
numbers  m  and  n. 


V  -» 


e 


n.  Rout  ine  JT AC SQ 


Forme!  parameters  are: 
OMEGA  frequency 


boundary  layer  pressure  fluctuation  convection  velocity 


M  mode  number 

XJM  joint  acceptance  squared  returned  as  the  output  term. 

The  various  entry  points  are  used  as  follows: 

JMSQBL 

The  joint  acceptance  to  boundary  layer  noise  in  the  axiai  direction  (mode 
number  m)  is  calculated  according  to  Equations  (5.47)  and  (5.48). 

JNSQBL 

The  joint  acceptance  to  boundary  iayer  noise  in  the  circumferential  direction 
'.mode  number  n}  is  calculated  according  to  Equotion  (5.49). 

JMSQJN 

The  joint  acceptance  to  jet  noise  in  the  axial  direction  is  calculated  accordina 
to  Equation  (5.53).  “ 

JN5QJN 

The  joint  acceptance  to  jet  noise  in  the  circumferential  direction  is  calculated 
according  to  Equction  (5.54)  and  (5.55). 

i.  Routine  JMSQRF 

This  routine  calculates  joint  acceptance  squared  for  the  total  cylinder  to  a  reverberont 
acoustic  fieid.  Simple  support  end  conditions  to  cylinder. 

Format  parameters  are: 

OMEGA  frequency 


UCV  speed  of  sound 
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XLENG  length  in  axial  or  circumferential  direction 


M  mode  number  in  axial  or  circumferential  direction 

XJ  value  of  joint  acceptance  returned. 

Entry  point  JMSC2RF: 

Joint  acceptance  Is  evaluated  for  the  axial  direction  according  to  Equation  (5.501  end 
routine  ONEFV  is  used  to  evaluate  tne  cosine  and  sine  integrals. 

Entry  point  JNSQRF: 

Joint  acceptance  is  evaluated  for  the  circumferential  direction  according  tc  Equation 
(5.51).  Routine  ONEFV  is  used  to  evaluate  the  cosine  and  sine  integrals. 

j ,  Routine  PLRSE? 

This  routine  calculates  the  structural  and  internal  pressure  response  for  the  high  frequency  , 
single  panel  case.  The  steps  in  the  procedure  are: 

(1)  An  outer  loop  with  loop  variable  M  controls  the  summation  of  the  axial 
direction  modes. 

(2)  Values  of  n  and  R/c  are  transmitted  to  routine  BSLRT  vio  entry  6SLRT2. 

(3)  For  each  n  the  required  number  of  values  of  a  are  calculated  by  solving 
Equation  (3.66)  using  REGFAL  and  BSIRT;  a n"S  and  corresponding  values  of 

u  are  stored  in  arrays  ALPHMS  and  WMS  respectively, 
ns 

(4)  The  next  Iccp,  with  loop  variable  NN  controls  the  structural  response 
summation  in  the  circumferential  direction.  This  loop  is  skipped  if  either  m 
or  n  are  zero.  Skin  panel  and  window  response  is  calculated  according  to 
Equation  (3 . 84) . 

(5)  In  this  loop  the  frequency  control  is  set  up  starting  at  W3  end  incrementing 
by  2n  »  DELY  where  n  is  the  octave  number  commencing  From  W3.  An 
inner  loop  to  calculate  the  summation  terms  for  the  internal  field  (Equation 
(3.90))  is  only  traversed  for  the  first  value  of  NN  and  for  each  frequency . 

(6)  -  Routines  BLNOIS  (ENTRY  BLNSPL),  JABLPL,  JAJNPL,  and  JARFPL  are  called 

to  calculate  aerodynamic  data  and  joint  acceptance  for  the  various  excitation 
pressure  fields. 


(7)  Finally,  the  structural  and  pressure  response  summations  are  multiplied  By  their 
respective  constants  and  the  -nternal  response  summation  by  the  structural 
response  term . 

k.  Routine  BLSRT 

This  routine  defines  the  left  hcnd  side  of  Equation  (3.66)  for  use  by  REGFAL  in  obtaining 
an  iterative  solution .  Routine  35SLJ  is  used  to  calculate  Bessel  functions  of  the  first  kind 
and  integer  order. 

Entry  3SLRi2  is  used  to  pre-set  the  value  of  n. 

l.  Routine  JABLPL 

This  routine  calculates  joint  acceptance  squared  of  a  simply-supp'-  rted  flat  plcte  to 
boundary  layer  turbulence  and  jet  noise. 

Formal  parameters  are: 

frequency 

convection  velocity  in  boundary  layer 

mode  number  in  circumferential  direction 

mode  number  in  axial  direction 

joint  acceptance  squared. 

For  the  boundary  layer  entry  the  joint  acceptance  is  calculated  according  to  Equations 
(5.68j  and  (5.70).  For  jet  norse  the  entry  point  is  JAJNPL  and  joint  acceptance  is 
obtained  from  Equations  (5.75)  ond  (5.77). 

m.  Routine  JARFPL 

This  routine  calculates  joint  acceptance  squared  in  one  modal  direction  of  a  simply- 
supported  flat  plate  to  o  reverberant  acoustic  field  according  to  Equations  5.72-5.74. 

Formal  parameters  are: 

OMEGA  frequency  in  rad/sec. 

speed  of  sound 


OMEGA 

UCV 

N 

M 

XJ2MN 


UC 


I 


XL  length  of  plate  along  on*  edge 

N  mode  number  along  this  edge 

XJMN  joint  acceptance  squared. 

The  total  joint  acceptance  squared  for  the  plate  is  obtained  os  the  product  of  join  accep¬ 
tances  in  each  of  the  two  directions, 

n.  ONEFV 

— .  -  .  .  j  .  _„_i. s:„o  iprenrals  bv  the  methods  defined  in 

inis  routine  is  used  to  eva.uo,e  ^os...c  s...- 

Equations  (5.52). 

Formal  parameters  ore: 

X  value  of  input  variable .  Cosine  integral  rtturod  by 

this  parameter 

Y  sine  integral  returned  on  exit  from  routine 

The  three  parts  of  the  routine  are: 

Entry  ONEFV  calculates  Cin  (x)  end  Si(x)  by  rational  fraction  opprocimatlxjn  [smoll 
values  of  x)- 

Entry  SlXSEV  calculates  Cin(x)  and  Si(x)  by  power  series  summation  Oerw*diat^ 
voiues  of  x ) . 

Entry  TWELVE  calculates  Cirt(x)  and  Si(x)  from  on  asymptotic  expansion  (Itarge  vc*  lues 
of  x) . 

o.  Routine  BSSLj 


This  routine  calculates  Bessel  functions  of  the  first  kind  and  of  integer  or«der. 


Formal  peremeters  are: 


argument  of  Bessel  functions  required 

order  of  Bessel  functions  ;  positive  of  value  n  or  o 


FJ 


J  Mr  J  0 

n~z  n-] 


n+l 
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The  method  of  calculation  is  a  recursion  starting  from  J  (x)  and  calculating  with 

n+  2 

decreasing  n  down  to  n  =  0.  Only  the  upper  Five  values  are  returned  in  FJ .  The 
argument  giving  the  order  N  must  be  zero  or  positive  .  The  recursion  procedure  is 
defined  in  M.T.A.C.  VII,  1957.  The  procedure  is  repeated  until  the  maximum  difference 
between  any  pair  of  functions  is  less  than  10“  6  . 

p.  Routine  BSSLI 

This  routine  calculates  modified  Bessel  functions  of  the  first  kind  and  of  integer  order. 
Formal  parameters  are: 


X 

N 

NJ 


argument  of  Bessel  functions  required 

order  of  Bessel  functions;  positive  of  value  n  or  o 

results  array  of  dimension  5  where  the  modified  Bessel  functions 

1  ,W,  I  W,  I  .  ,W  are  returned, 

n  -1  n  n+l 


The  method  of  calculation  is  os  follows: 

when  x  >  12  and  x  >  n  the  function  is  calculated  from  an  asymptotic  expansion 


I  (x)  = 

n 


& 


CD 

r  =  t 


(±[K -4"1) 


r  I 


and  otherwise 


I  (x)  = 

n 


(i*) 


n  +  2r 


r  j  (n  +  r)  i 


In  both  cases  the  summations  ore  restricted  to  either  30  terms  cc  until  a  particular  term  is 
found  to  be  less  than  10_i  . 

q.  Routine  REGFAL 


This  routine  is  used  for  the  iterative  solution  of  equations  of  the  form  f(x) 


0. 


Formal  parameters  are: 


STEP 

increment  in  variable  x  when  looking  for  a  root 

ST  ART  V 

initial  value  of  x 

EPS 

tolerance  between  successive  values  of  x  to  determine 
the  acceptance  of  the  root 

IND 

parameter  to  indicate  whether  a  root  has  been  found  -  0 
for  no  root  In  500  increments  of  x  and  1  when  a  root 
has  been  found 

FUNC 

subroutine  name  which  when  called  returns  a  value  of 
t(x)  for  a  given  x . 

The  routine  increases  the  value  of  x  by  STEP  (or  2*  STEP  if  the  initial  value  of 
|PMl<— >  until  a  change  of  sign  of  f(x)  is  detected.  Let  the  values  of  x  and  f(x)  on 
either  side  Of  the  change  of  sign  be  xq,  fQ  and  xfa,  ffa  respectively.  A  linear  inter- 

potation  gives: 

x  f,  -  x,  f 
a  b  b  a 

‘  fb  *  fa 

and  the  function  is  evaluated  to  give  *e-  If  f,  and  fc  have  the  same  sign  then  new 

values  x‘ ,  f  ,  x’  and  f,  are  assigned  as 
a  a  o  o 
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If  f  ond  f  have  opposite  sign  then 


and  the  process  is  repeated  by  calculating  a  new  value  of  x^.  The  process  terminates 
with  x  as  the  root  when  |x^  -  x^J  <  «  or  f^  =  0. 

r.  Routine  PLGRP 

This  routine  calculates  the  structural  and  Internal  pressure  response  for  the  intermediate 
frequency,  panel  group  case.  Steps  in  the  procedure  are: 

(1)  Calculate  the  mass  of  one  panel  and  one  stringer 

(2)  Set  structural  and  geometrical  constants  in  arrays  AIN  and  SAB. 

(3)  DO  loop  with  loop  variable  M  (=1,2  and  3)  controls  the  number  of  half 
waves  between  frames. 

(4)  Set  starting  frequency  to  W2  and  call  routine  PANLNO  to  calculate  the 
number  of  panels  in  a  group  depending  on  the  correlation  lergth  and  also  the 
frequency  OMEGL  at  which  the  number  in  the  group  reduces. 

(3  DO  loop  with  loop  variable  I  to  calculate  the  natural  frequencies  of  the  panel 
group  and  the  contribution  at  each  frequency  to  the  response .  Routine  FLATTX 
is  called  to  calculate  natural  frequencies  and  modes. 

($  Calculate  mode  shape  squared  in  PHISQ  by  summing  over  the  individual  panel 
mode  shape  squared  in  DO  loop  which  terminates  an  label  80;  see 
Equation  (5.83). 

(7)  Calculate  structural  response  summation  terms  for  the  frequency  range  up  to 
OMEGL.  Joint  acceptance  squared  is  calculated  by  calling  routines 
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JN5QGR,JMSQBL  and  JMSQRF .  Frequency  is  incremented  by  2K*  DELX 
where  k  is  the  octave  number  starting  from  W2. 

(8)  When  frequency  exceeds  OMEGL  calculate  new  number  of  panels  and 
continue  from  (5) .  When  the  frequency  exceeds  W3  the  outer  loop 
terminates. 

(SJ  The  final  section  of  the  routine  calculate  *■-»  internal  response  as  in  routine 

PLRE5P,  using  REGFAL  to  calculate  values  of  u  and  a  .  Summation 

mn  mn 

over  Ml  and  NS1  modes  Is  controlled  by  a  pair  of  nested  loops;  the  same 
frequency  values  are  used  as  those  calculated  in  (3)  and  stored  in  array 
FREQ. 


s.  Routines  FLATTX,TMVRSA,FORMTXrDETMTX,MODFLT,SPASET  and  COEF 

This  group  of  routines  calculates  panel  group  modes  and  natural  frequencies  for  the  struc¬ 
tural  configuration  outlined  in  Section  ll-2c.  by  solving  Equation  (2.48). 

Formal  parameters  throughout  are: 

AK1  value  of  k^  returned  for  the  natural  frequency 

AK2  value  of  k^  returned  for  the  natural  frequency 

FREQ  starting  value  of  frequency  search  in  c.p.s.  The  calculated 

natural  frequency  is  returned  in  this  parameter  on  exit. 

DFREQ  increment  in  frequency  (c.p.s.)  when  searching  far  a 

natural  frequency 

NST  number  of  incremental  steps  to  be  covered  In  the  search 

for  a  natural  frequency 

N5PA  number  of  panels  in  the  group 

M  number  of  half  waves  between  frames 

AIN  array  containing  panel  geometry  ond  structural  constants, 

set  by  calling  routine 

SAB  array  containing  stringer  geometrical  constants,  set  by 

calling  routine 

NFL  indicator  whcse  value  an  exit  indicates  whether  a  rctural 
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Frequency  has  beer.  Found  (0  for  no  frequency  found, 

1  for  successfully  finding  a  natural  frequency) 

8  *  (2  .  NSPA  +  1)  -  7 

value  of  the  determinant  (Equation  2.48))  for  o  given 
frequency  expressed  as  DET  *  lO.Q^ET 

two-dimensional  array  obtained  after  back  substitution  in 
the  frequency  determinontal  equation  when  a  natural 
frequency  is  obtained  in  order  to  obtain  the  modal  coeffi¬ 
cients  A|  ,  Aj,  Ag  and  A^  for  each  panel. 

The  routines  ere  used  as  follows: 

FLATTX  calculates  structural  and  geometrical  terms  from  AIN  and  SAB  and  stores 
them  in  labeled  common  arrays  STR  and  5TOR  and  also  P8L  and  Dl . 

TMVRS4  controls  the  frequency  searching  procedure.  An  initial  loop  increments  FREQ 
until  a  change  in  sign  of  the  value  of  the  determinant  (evaluated  by  FORMTX  and 
DETMTX)  is  detected  or  until  NST  increments  have  been  covered,  in  which  case  NFL  Ts 
0  and  exit  from  the  routine  occurs.  When  a  change  in  sign  is  detected  an  iterative  proce¬ 
dure,  similar  to  that  defined  For  REGFAL,  is  used  to  find  a  root  of  Equation  (2.48) . 
However,  because  of  the  nature  of  the  determinontal  function  (vjry  large  values  with 
extremely  abrupt  change  in  sign)  the  function  used  in  the  iteration  is  the  term  IDET  but 
made  positive  or  negative  according  to  the  sign  of  DET.  This  has  been  found  to  give  very 
satisfactory  convergence  and  frequencies  correct  to  seven  decimal  places  easily  obtained. 

FORMTX  forms  the  matrix  of  coefficients,  in  labeled  common  array  A,  whose  deter¬ 
minant  is  required.  The  coefficients  are  determined  from  the  frequency  ond  the  structural 
terms  calculated  in  FLATTX.  Routine  SPASET  is  called  to  calculate  k.,k  and  the 
terms  of  the  matrix  F  (Equation  (2.46)).  2 

DETMTX  is  used  to  evaluate  the  determinant  of  the  matrix  formed  by  FORMTX  by  the 
method  of  Gaussian  elimination.  The  value  is  formed  as  a  mantissa  and  exponent  (power 
of  10)  because  of  the  large  numbers  encountered. 

MODFLT  carries  out  the  back  substitution  in  array  A  in  order  to  obtain  the  modal 

vector.  Routine  COEF  is  called  to  calculate  the  values  of  the  coefficients  for  each  panel 

which  are  returned  in  array  XCOEF  (equivalenced  to  part  of  A  since  the  latter  is  no 
longer  needed) . 


NMAX 

DET  ) 
IDET  j 

X 
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t.  Routine  PANINO 


This  routine  calculates  the  number  of  panels  in  a  group,  depending  on  the  maximum 
correlation  length  for  the  three  excitation  types.  Correlation  lengths  are  calculated 
according  to  Equations  (4.23)  for  boundary  layer,  (4.49)  for  jet  noise  and  (4.56)  for 

reverberant  field. 

Formal  parameters  are: 

OMEGA  frequency  in  radians/sec. 

OMEGL  frequency  at  which  the  panel  group  is  reduced  by  1  panel 

hi  number  of  panels  in  a  group. 

The  minimum  value  of  N  is  3,  in  which  case  OMEGL  is  W3  and  the  maximum  value 
has  been  chosen  as  ID  because  of  storage  limitations. 

u.  Routine  JNSGGR 

This  routine  calculates  joint  acceptance  squared  for  the  panel  group  in  the  circumferential 
direction  to  boundary  layer  noise,  jet  noise  and  reverberant  acoustic  field. 


Formal  parameters 

are: 

OMEGA 

frequency  in  radians/sec. 

AK1 

k  as  defined  by  Equation  (2.36) 

AK2 

k^  as  defined  by  Equation  (2.36) 

XN 

number  of  panels 

ucv 

boundary  layer  convection  velocity 

XJNBL 

joint  acceptance  squared  for  boundary  layer 

XJNJN 

joint  acceptance  squared  for  jet  noise 

XJNRF 

joint  acceptance  squared  for  reverberant  field . 

Joint  acceptance  squared  is  evaluated  by  numerical  integration  using  the  trapezoidal  rule . 
A  total  of  sixty  stations  across  the  panel  group  is  used.  In  matrix  notation  the  expression 
for  joint  acceptance  calculated  numerically  may  be  written 


-xl]  [♦(*:)]' 


where  $(x.)  is  the  mode  shape  evaluated  at  m  stations,  x  -  x*  is  the  separation 
distance  and  *  means  the  transpose . 

[♦  (x. )]  and  [<J>  (x| )  ]  are  column  vectors  and  [  c  ]  is  a  square  matrix  of 

correlation  coefficients  for  separation  x  -  x\  The  first  and  lost  terms  of  e  ore  divided 
by  2,  as  required  by  the  trapezoidal  integration  rule. 

Correlation  coefficients  ore  defined  for  the  three  excitation  environments  by  Equations 
^4. 14,  (4.45J  and  (4.54).  Joint  acceptance  is  evaluated  by  forming  fp(x)j  and  one 
column  of  [  c  1  at  a  time;  a  pair  of  nested  loops  are  used  f°  carry  out  the  multipli¬ 
cations  and  summations  in  forming  the  matrix  product. 

V.  Routines  TRLSS,  ACTREA,  AIRGAP,  SEPTUM,  PORBLT,  and  PANEL 

This  group  of  routines  calculates  the  transmission  loss  due  to  the  acoustic  treatment  appiied 
to  the  interior  wall  of  the  fuselage. 


rormal  parameters  throughout  the  group  are: 


RZT 

XZT 

K 

I 


real  pari  of  acoustic  terminal  impedance 

imaginary  part  of  acoustic  terminal  impedance 

layer  counter  (i.e.,  the  k^1  treatment  layer  from 
the  outer  side) 

porous  blanket  layer  counter  (i.e-,  the  i’h  porous 
blanket  layer  from  the  cuter  side)- 


1 RLSS  is  the  control  routine  for  calculation  of  transmission  low-  A  loop  with  loop 
vcriable  ICOUNT  sets  frequency  OMEG  for  each  value  of  the  FREQ  array  and  an 
average  value  of  transmission  loss  for  varying  incidence  sound  waves  is  calculated  from 
Equation  (6.2)  using  a  Simpson  rule  numerical  integration  procedure  for  which  routine 
->MPINT  is  called  with  ACTREA  as  a  routine  to  evaluate  transmission  loss. 


After  o  value  of  transmission  loss  due  to  the  acoustic  treatment  has  been  determined  the 
noise  reduction  due  to  internal  absorption  is  calculated  according  to  Equation  (6  2 f.)  The 

appropriate  value  of  absorption  coefficient  is  determined  by  interpolation  in  the  tabb  stored 
in  array  ABSCOF;  the  frequency  intervals  are  given  in  2b.  ATL  due  to  acoustic  treatment  is 
calculated  by  subtracting  from  the  total  TL  that  due  to  the  skin  alone,  treated  as  a  single  panel 
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ACTREA  is  the  routine  used  to  control  the  evaluation  of  t  from  Equation  (6.6) .  The 
formal  parameters  X  and  FX  represent  values  of  P  (input)  and  t-£ sin  28  (return) .  For 
each  layer  of  acoustic  treatment  for  which  an  indication  is  stored  in  array  NLRS  an 
appropriate  routine  is  called  to  evaluate  input  impedance,  given  a  terminal  impedance, 
and  complex  pressure.  After  each  layer  has  been  dealt  with,  including  the  skin,  the  value  of  t  is 
calculated  from  the  overall  pressure  ratio.  The  initial  value  of  terminal  impedance  is  set  at  pc. 

AIRGAP  calculates  the  input  impedance  and  pressure  ratio  across  an  airgap  (port  of 
acoustic  treatment)  according  to  Equations  (22)  and  23  of  Appendix  IV. 

SEPTUM  calculates  the  input  impedance  and  pressure  ratio  across  a  septum  layer 
according  to  Equations  (5)  and  (6)  of  Appendix  IV . 

PORBL7  calculates  the  input  impedance  and  pressure  ratio  across  a  porous  blanket 
according  to  Equations  (15)  to  (20)  of  Appendix  IV. 

PANEL  calculates  the  input  impedance  and  pressure  ratio  across  a  panel  (considered 
as  part  of  the  acoustic  treatment)  according  to  Equations  (2)  and  (3)  of  Appendix  IV . 

w.  Routine  JTNSE 

This  routine  calculates  the  sound  pressure  level  at  a  point  on  the  aircraft  fuselage  allowing 
for  scattering  and  pressure  doubling.  There  are  two  entry  points,  used  as  follows: 

Entry  point  JTNSE.  The  actual  parameter  in  this  case  is  the  distance  from  the  forward 
end  of  the  fulseiage  at  which  the  s.p.  I.  is  required.  The  near  field  sound  pressure  is 
calculated  according  to  Equation  (4.28),  and  using  Figures  26,  27,  28  ana  30  fora 
range  of  9  octave  band  center  frequencies  starting  at  26.3  cps  routine  LOG INT  is 
used  to  interpolate  in  the  tables  representing  Figures  26,  27  and  28  routine  DIRECT 
is  used  tc  calculate  the  directivity  function  by  interpolating  in  a  table  representing 
Figure  3D.  It  should  be  noted  that  the  position  down  the  fuselage  is  controlled  by  a 
maximum  cf  5  stations  read  from  input  cards,  and  an  angular  position  around  the  fuse¬ 
lage,  (i.e.  all  stations  are  at  the  same  angular  position).  The  program  accepts  two 
engines  on  eoch  side  of  the  fuselage. 

After  calculating  the  free  field  sound  pressures  (and  forming  the  summation  if  there  are  two 
engines  per  side  of  the  aricraft)  the  pressure  levels  and  frequencies  are  printed,  and  the 
sound  pressure  level  on  the  fuselage  for  each  octave  and  each  jet  segment  is  calculated 
from  Equation  (4.35)  if  the  distance  from  the  jet  to  the  fuselage  exceeds  three  jet 
siameters.  The  summations  defined  by  Equation  (4.36)  are  carried  out  for  13  terms 
and  routines  BSSLJ  and  BSSLY  are  used  to  determine  Bessel  functions  of  the  first  and 
second  kinds  respectively. 
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If  the  distance  from  the  jet  to  the  fuselage  Is  less  than  three  jet  diameters  the  sound  pressure 
is  calculated  according  to  the  Equation  (4.37).  Results  are  printed  for  the  nine  octave  band 
center  frequencies. 

Entry  point  JTSPL.  The  actual  parameter  in  this  case  is  frequency  in  cps.  The  pressure 
level  (in  dB  relative  to  0.0002  dynes/cm2)  on  the  fuselage  (at  the  current  position)  is  obtained 
by  linear  interpolation  in  the  table  of  sound  pressure  levels  calculated  at  entry  point  JTNSE. 

Entry  point  OUTPJN.  This  entry  point  produces  the  printing  of  the  input  data  as  described 
below  in  Section  6. 

x.  Routine  DIRECT 

This  routine  is  used  to  interpolate  in  the  table  representing  the  directivity  function  in 
Figure  30. 

Formal  parameters  are: 

ANGL  angle  8.  in  degrees 

X  number  of  wavelengths  downstream  From  nozzle  of  the 

source. 

RESET  directivity  function  returned  an  exit. 

Tabulated  values  correspond  to  those  shown  on  the  curves,  with  the  Independent  variables 
taking  the  same  values,  i.e.  x/X^  starts  at  0.4  and  follows  a  logarithmic  increase. 

Angle  9j  has  values  10,  40,  80  and  thereafter  increments  by  10  up  to  160.  The  two 
way  interpolation  procedure  first  of  all  determines  that  the  independent  variables  are 
within  the  range  obulafed;  if  this  is  so  then  interpolation  in  the  x/A^  direction  is  qua¬ 
dratic,  to  give  two  values  of  f(6.)  for  the  given  X  corresponding  to  the  tabulated  0; 
which  lie  either  side  of  the  value  of  ANGL.  Linear  interpolation  between  the  two  values 
of  f(8.)  then  gives  a  value  to  RESLT  for  return  to  the  calling  program. 

If  either  of  the  independent  variable  values  provided  by  ANGL  and  X  are  outside  the 
tabulated  range  then  the  value  of  f(0.)  on  the  edge  of  the  table  nearest  to  the  out-of- 
range  variable  is  assigned  as  the  interpolated  value  for  that  direction. 

If  a  different  table  of  values  for  f(6.)  is  provided  then  x/A  and  9.  must  have  the  same 
starting  value  and  increments  as  described  above. 

y.  Routine  LOG1NT 

This  routine  is  used  for  interpolating  in  the  tables  representing  Figures  26,  27  and  28. 
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Formal  parameters  are: 


X 

independent  variable  value 

N 

table  number  (1  for  Figure  28,  2  for  Figure  26, 
Figure  27,  4  for  absorption  coefficient) 

RESLT 

interpolated  result  on  exit. 

The  laybut  of  the  tables  Is  described  in  5ection  2  of  this  Appendix .  Interpolation  is  qua¬ 
dratic  in  the  logarithmic  X  axis,  and  if  the  value  of  X  is  outside  the  tabulated  range  the 
value  in  the  table  nearest  to  X  is  assigned  as  the  result. 

i.  Routine  SMPINT 

This  routine  carries  out  Simpson  rule  integration  and  is  used  by  routine  TRLSS. 


Forma  parameters  are: 

A  lower  limit  of  integration 

B  upper  limit  of  integration 

HI  initial  step  length 

$  result  of  integration 

FUNC  subroutine  name,  which  when  called  returns  a  value  of 

the  integrand  function. 

The  number  of  integration  steps  is  calculated  from  A,  B  and  HI  and  is  made  even,  as 
required  by  Simpson  rule  integration-  A  new  step  length  is  calculated  and  the  even  and 
odd  steps  carried  out,  each  time  calling  the  routine  FUNC  to  determine  the  value  of  the 
function  for  each  volue  of  the  variable,  which  is  the  angle  of  incidence  of  sound  waves 
impinging  on  the  structure.  The  angle  of  incidence  is  transmitted  via  common  storage 
variable  THETA  and  the  actual  parameter  corresponding  to  FUNC  is  ACTREA  which 
returns  t  sin  9  cos  9  as  the  function  value.  The  value  of  the  integral  S  Is  calculated 
from 

,  N/2  N/2 

S  =  +  f  (B)  +  2^  f  (2  n  h)  +  4^ 

(  n  =  i  n  =  i 

where  f(A)  and  f(B)  are  values  of  the  function  at  A  and  B 
integration  steps. 


f((2n  +  l))hj 
and  N  is  the  number  of 
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a.  Routine  BSSLY 


This  routine  evaluates  Bessel  functions  of  integral  order  of  the  second  kind. 
Formal  parameters  are: 


argument  of  the  required  Bessel  function 
order  of  the  Bessel  function 

calculated  value  of  the  Bessel  function  returned  on 
exit  from  the  routine. 


The  method  of  calculation  is  as  follows: 


Y  (x)  and  Y,  (x)  (Second  kind  Bessel  functions  of  orders  0  and  I  respectively)  are 
obtained  from  a  polynomial  approximation  as  described  in  M.T.A.C.  VII,  1957,  and  values 
for  other  orders  are  obtained  from  the  recurrence  relation: 


'T'  Yn(x) 
x  n 


Yn-,W 


p.  Routine  STRRSP 

This  routine  is  used  by  the  response  programs  to  check  the  values  of  upper  and  lower  frequency 
limits  and  set  the  initial  values  of  the  response  summation  variables  to  zero. 

Entry  OUTP  is  used  to  print  the  results  of  the  response  calculation. 

y.  Routine  TLCNTL 

This  routine  forms  the  acoustic  treatment  transmission  loss  control  program.  The  input  data 
used  by  this  phase  of  the  calculation  is  printed  and  the  required  values  of  frequency  are 
generated  in  array  FREQ.  Routine  TRLSS  is  called  to  calculate  transmission  loss  and  noise 
reduction  at  the  required  frequencies;  the  results  arc  then  printed. 

S.  Routine  JNCNTL 

This  routine  forms  the  jet  noise  calculation  control  program.  The  required  values  of  fre¬ 
quency  are  generated  in  array  FREQ  and  routine  OUTPJN  is  called  to  print  the  input  data 
used  in  the  jet  noise  calculation.  For  each  of  the  specified  positions  on  the  fuselage  routine 
JTNSE  is  called  to  calculate  sound  pressure  level  os  a  function  of  frequency,  and  routine 
JTSPL  is  called  to  interpolate  in  this  array  for  each  required  frequency.  Interpolated  sound 
pressure  levels  and  frequencies  are  printed. 

203 


5 .  FORMATION  OF  THE  PROGRAMS 


The  five  separate  programs  are  formed  from  the  routines  described  in  4.  above  as  follows: 

(1)  Low  frequency  response  of  total  cylinder  comprises  routines  MAI  N ,  V/TANS5, 
INITL,  STRKSP,  CYLRES,  APPEND,  BLNOIS,  NATF1 ,  JTAC3Q,  J.MSGiRF, 
ONEFV,  REGFAL,  B$SL),  BSSU. 

(2)  Intermediate  frequency  response  of  panel  group  comprises  MAIN,  W7ANSS,  INITfi., 
STRR5P,  PLGRP,  PAN LNO ,  JNSQGR,  FLATTX,  TMVRSA,  FORM7X,  DETA/TX, 
MODFLT,  SPASET,  COEF,  JTACSQ,  JMSQRF,  ONEFV,  REGFAL,  BSSU. 

(3)  High  frequency  response  of  single  panel  comprises  MAIN,  WTANS5,  IHITL,, 
STRRSP,  PLRESP,  BLNOIS,  BSLRT,  JABIPL,  JARFPL,  ONEFV,  REGFAL,  BSSU. 

(4)  Acoustic  treatment  transmission  loss  comprises  MAIN,  INITL,  TLCNTL,  TRLSS, 
ACTREA,  AiRGAP,  SEPTUM,  PANEL,  PORBLT,  SMPINT.  In  this  case  raut-ine 
MAIN  is  modified  to  read  table  ABSCOF. 

(5)  Jet  noise  sound  pressure  level  comprises  MAIN,  JNCNTL,  JTNSE,  DIRECT,. 
LOGINT,  BSSU,  BSSLY.  In  this  case  MAIN  is  modified  to  read  tobies 
DIRECT,  ACPOW ,  CORPOW  and  DOWPOW. 

6 .  DESCRIPTION  OF  THE  OUTPUT. 

a.  Structural  -  Interior  Response  Programs. 

Examples  of  the  output  are  shown  at  the  end  of  this  Appendix.  In  all  cases  the  first-  sheet  ef 
output  contains  the  input  data  identified  by  its  number  in  the  input  parameter  table  giver n  in 
Section  2;  this  sheet  also  contains  the  aerodynamic  environment  constants  calculated  in 
routine  INITL  and  the  structural  and  acoustic  treatment  weight  calculated  in  routine  WYANSS  . 

The  second  section  of  the  output  represents  the  various  natural  frequencies,  as  a  function  of 
mode  numbers,  used  in  the  analysis.  These  natural  frequencies  are  defined  as  follows: 

(1)  Low  frequency  total  cylinder  program  -  The  structural  natural  frequencies  for 
structural  modes  m,  n  ore  printed  together  with  coupled  air-structure  nature* I 
frequencies  from  Equation  (3  .30)  for  coupled  modesm,  n,  s.  The  generalised 
mass  associated  with  each  mode  is  also  printed. 

(2)  Intermediate  frequency  panel  group  program  -  The  number  of  panels  in  the 
group  is  printed  followed  by  the  structural  nature!  frequencies  for  modesm,  n. 

For  each  frequency  the  modal  coefficients  ,  A^,-  Aj,  A^  ior  each*  pcndl 
in  the  group  ore  also  printed . 


(3;  High  Frequency  single  panel  program  -  For  each  pair  of  coupled  circumferential 
acoustic  mode  numbers  n  and  radial  acoustic  mode  numbers  s  the  natural 
frequency  is  printed  together  wiih  the  term  o  /Rc 

ns 

The  third  section  of  the  output  contains  the  power  spectral  density  ratios  of  structural  and 
internal  pressure  response  for  the  required  frequency  range.  Also  included  is  the  boundary 
layer  pressure  fluctuation  power  spectral  density  The  columns  of  printed  results  and  their 
umts  are  identified  at  the  head  of  the  first  sheet  of  the  output  section.  The  fourth  section 
contoms  the  mterior  pressure  spectral  density  ratios  converted  to  transmission  losses  Far  the 

single  panel  program  outputSecfions  3  and  4  are  repected  for  windows  where  these  are  speci¬ 
fied  in  the  input  data.  K 

k.  Acoustic  Treatment 

The  first  part  of  the  output  is  o  description  of  the  acoustic  treatment  and  the  associated  input 
data .  Continuing  on  the  same  sheet  are  the  results  as  described  In  the  heading  The  trans¬ 
mission  losses  through  the  fuselage  wall  with  and  without  acoustic  treatment  are  calculated 
and  the  difference  represents  the  effect  of  the  acoustic  treatment.  The  final  column  retains 
fhe  noise  reduction  due  to  absorption  by  the  fuselage  interior . 


c. 


Jet  Noise 


The  first  part  of  the  output  contains  the  input  data  relating  to  the  |et  noise  calculation  and 
a  refe.erce  to  the  ongm  of  the  tabulated  functions.  Then  for  each  position,  up  to  limit  of 
' ' ve '  on  fhe  Pelage  specified  in  the  input  data  the  following  is  printed- 


(1) 

(2) 

(3) 

(4) 


nine  values  of  octave  band  centre  frequencies 

free  field  sound  pressure  level  in  dB  (relative  to  .0002  dynes/cm2)  at  each 
centre  frequency,  corresponding  to  the  position  on  the  fuselage 

sound  pressure  level  in  dB  at  each  centre  frequency  allowing  for  the  presence 
of  the  fuselage  r 

a  linear  interpolation  in  the  sound  pressure  levels  described  in  (3)  above  for 
each  frequency  generated  from  the  input  data. 


7. 


EXPANSION  OF  THE  PROGRAM. 


Various  program  parameters  hove  been  given  arbitrary  values  based  on  considerations  of 
computer  storage  space.  The  following  is  a  list  of  changes  which  are  necessary  when 
expanding  the  program  to  deal  with  extended  values  of  some  input  parameters: 

°  '  !Tne  ''l  ™iLnpWt  pQramefer  numoer  74)  is  than  20  dimensions 

of  arrays  AM, NS  and  GENM  must  be  increased  fc  the  value  of  N$1 
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Routine  PLRESP .  If  NS1  is  greeter  than  20  dimensions  of  arrays  WM5  and  ALPHMS  m 
must  be  increased  to  the  value  of  MSI . 

If  the  total  number  of  frequency  points  generated  by  the  frequency  controlling  input 
parameters  exceed  100  the  dimensions  of  the  common  storage  arrays  which  hold  the 
structural -interior  response  ratios,  acoustic  treatment  transmission  losses  and  inter¬ 
polated  jet  noise  sound  pressure  levels  must  be  increased  accordingly . 

If  the  tabulated  functions  described  in  2  b  are  changed  and  exceed  the  array  sizes 
given  there  the  array  dimensions  must  be  increased  accordingly,  one  also  the  input 
instructions  must  be  amended  to  read  the  extra  terms. 


3»N0dS3*  UOtN3lNI*1VUIU3nHlS  SOVIUnj 


natural  rufeukucisi  in  cvciss/«eoNa  coa 


eouino  1,  FKEUUkNCf  IN  CTClsA/lkCUNLI, 

COLUNNk  i .  3.  ANU  4  NUIME  HNUUCTIonS  FOH  gDUHDART  LAYER.  JB»  NOME  AND  RiVIMHAHT  ACOUSTIC  FIELD  RIEMCTIVIL* 


SAMPLE  OUTPUT  -  TOTAL  CYLINDER  NOISE  REDUCTION 


*?2S<I*t,'Kfl,<o',K0™,,*#o  •  « < 

LzlSf”  f  <xo< 

«K9a>rt<9T«r^a  z  or.  c 

JJi®  *■  <i  A  V  *•  T  9  ^  v  C^n  «  ^O*  »W «  !•»«« 

^  bnc  «  (L  *iv«  v*(i(n  o«n  rt »  «  v  «  T0^vtfk  ft 


NO 


**  i*1*  wn.fi.  9  •  ip  o«  <  anr^)citr^cvBi 

®  hio«i»8‘»<«o»bbj^»  w  9fi  «  v  cno>nm>4ii 

ui  ®  ^  if*  ^  ^  fi  ^  ^  c  n  ^  o  f9  ^  o  pi  1 1 ^  ^  ^  ^  ^  x  ^ 

“22iS2£,2ii"i5,'***»«  ranoV«iaV»Q4 

**  ^  ■* p  ▼  V  V  A  m  jfll  *0  4^  ^  K  4  4  9  ^  m  «  m  &  ^  _  _ 

O  -F4(%  I*>  <r  Of*  «  »  o  ««ni  «>  V  A  «  ^  c  »  o  «n  f* ->  *w  *v  «  »v  «►  « 


MU«r<v«eA:p«  •cA>N»*rr»a<K«c«Knr 
‘noon^onc  .  OON*1l,wf«frrt«anKov  p-T" 


IR  SINGIE  PANEL  CASE 


RESPONSE  RESULTS  TOR  SINGLE  PANEL  NEMOS 


SAMPLE  OUTPUT  FOR  SINGLE  PANEL  AND  PANEL  GROUP  CASES 


2T’FWV’,V ■'/*(' 


Ito  JltUUI  UMW  WttftlittlllllMIBMWIBaUlMWriltUiMillUIIUUttll  ID  «lt  Ml  IN  HI  USUI  IK  lain  in  ua 
e»  n«i  enDnooitfkNnh-hQWNr.  e«  «  r»r-  r«  t  #  w*wi  w< 
»k  nva»f<*»i«.^h»*«n«»s>Ni>.»»o»oit  «tp>on9  nut^n 

»  mm  m  ««■  o«*»»  »»•  *»^k  «> 

k  c**A99~«9«  mohi^  Ma9«n*4nK»Nav«  <«»«a  »m««io»»ha 

«  (%•»  «  m4  K  ««A.«4MCO«*NF>«<CC  cn-C»  IV  «  C  «  •  MN  NMttf*  OW  * 

•A  No»««fi«nN^na  nnM^oo^»cKN««ina\T«  t-nnwcu 

o aaaoo aoBooooooooooooeoooo oooooaooooooee 

•  »*i»»«>i»*  »••■«••»•»•»•*••»•»••■*•••••■ 

»««  ««4I  J^4iutiJiuaiinii'iiiiiuiui  ji  ji  jj  j»«m  in 

p«-  .-n.  e  n  »  r  civ  c  « 

«(  NB  aP  ■%  B  B  B  B B  ■  B  V  K  MW  M  MB  MB  M  BM  ON  V  W  N  *4  N.  M  W  B  ■  A  MB  »4  V 
BC  •■•«&<  TING  E  C«n»<Nf.CB4.  C-rN  « 

BfrMCHHBO#  ON- »  B  •  MBMNBAB  OMBKB  h«  ?n»  a«ON«B«  «  A 

M  «««  n  n  BB  OWB^B  nggnnc»o»«^  *<an 

«4  «B»  •<»  ««•  OWWB<4*  <>•*»  9  «MB  -MB9B  BMABM  BBB  *4MN.A 
"IMBA*  bbVb  bivmo  hmmmbmmMbbn.  «  b  a  anTa  b*m  1  m  nnm  mmn  m 

a  BoooDDoiaoooaoooaBQeMBaaaBMOoooooeo^  Boaa 

Jl  JBJJidt  Jl-tt  J(  JtJNl  JI«OJlJlJJiit4l4l  Jidl  JUIB  JUIB  Jl  J  JIBJI  Jl 

A  An  B  NN  «l«k  OCN  *>CN  -V  i4B«»BflB»«<r  «AM«  «!*««  AttMAMflB 

N  AAOAN  OMMNWBBBBBMMBMNB  *A»N«|OBBMB«KB^BMV  A 

M  -NN  BOB  BBB  NKBA  BBABNBBMAK  AAefB  MK  N  AB  BAM  OBOR 

9  BvIB^BBNlv  NBA  M  M  NM  MN  *4«IN  K  A«  «  BMAnflA*  B0  «  « 

■jj  in  jh  .y  m  ^  m  m  in  iii  m  m  m  jj  yj  ^  m  m  m  m  m  m  m  m  m  m  m  m  m  m  _jj  m  m  yj  m  m  ^  m  u  n 

B  9A  ANN  OOOB  «INN  BWNlNB  «  MBBN  OMA«^B  A»»  N«*MBK»«BC 
A  MBBAO  RMAOOBOVA^nn  on  «  ^kkWanbBooi^MBB 
c»e»o<*»c»cAiNA&*«MnG  c»»«ANCAcn«oNB  oe«A««R 
N  ANBBVNVBBB  AAAH  OB  BB  ABMANBOBB  ABB  ABBB  *4BNN  M 
o»A  ABB  BABBABB  AABBA<<<ABAB  B  ABBeAAAMBiF  f3CV|>t 
•O  ANMBB  «AAB«bNBANBB  ABaAB  BNBNBBBBBB  MON-  AA<» 

M  a’Jn"b  B  AI»/|l«N4AnJ>|'<«.B  A*«B«BAB  BOB"-*  KAAMNN  BANS! 

M AAAAB BBBBBAAAMAAMAARBB BBVwBBBBBBBBBBBBB 
A  AA  AAA  BA  M  A  A  A  A  A  AA  A  MMMvBvBvBM^BMMMMM  AAA  A  A  A  AAA  A 
o  ■ii>aiti>t»a»li»iiiii  *■•■•»*»*•*••«»•*» 
-Jl  AJIUIBB  UtlSUi  JhllBBUIBillJlltliilBB  JlJIOIJtill  III  Jl  ill  A  Ol  Jl  111  111  (||  Uf  Ul  B  Ui  ill 
BCnNNMABBBeAf OBAOORNBrVRd  oanBBBBBBAMtBBB 
N AB BOA OB N AK ABOMMAK OABOB<OBBO<< ABBMBKNMO A 
aiCBBNN  BB  AMDKMNBOBtflK  A«  NQAOABNOBBBB  BBBMBBB 
A  «NBA»  OBSItB  09  NV<nNn«oBO<SAB  MOB  OB  ONB  BJVONB 

*  AMNCBNV  O  AAB  ABBC  A^  ,J«B  o  AMO  N  <1  B  «  e  AB  ABItoB  AAO 
A  NO*  B  ABKBNBBoBABBN  «i_  ABBBB<<BB<BN  BMOOBAAB  A« 

B  MAAABBNKNOAAMMA  AAMAABBBBBBflBAMMMAAMMMM  A 

A  AA AAAAB  B  B B A A A An A A A A A A AB  B  «  B B  B  B  B  B B  BBB  BBBB 
A  AA<4AAAAAAAAAAAAAAAAAAAAAAAAAHAAA  HAA  AA  AA 

Jl  JIJI  JIJUtllTJI  Jlil  Jl  Jl  Jl  JIJIM4I  JI4I  JIJIJI  Jl  Jl  II  Jl  ^  Jl  JIJI4I4IJIJI  Jl 

-  AB  ACNCBBOAB  ANBBCNBBO  ABN  a»<«  AONMBOMBBNBBIC 

9  O  AAAA  ON  AB  AA  ABOVNB  AAM  B  A  A  A  A  B  N  OlAB  •  •  •  AN  «  •  •  A* 
3  C  A«  •<BNAC<OVO«tNBKR»N9-OAe<|IJB<e»NAJlMB<OBO 
z>  ABNR<NJ|  AJI  KilNBB  ON  oBB^ABA*<MBN<*NiVNNisjvrAN  B 
a-  <  *««tAABB«e<AlKBk»«BBeM^  AABBBAAAB  ATMBABBB  oo 
O  A  AAOANOOA  as  o  B  ABB  in  mA<B»A»B  AWN  Atfk  ABN<a  AANA  -A 

*  AMNAAMABB««  AAMMAAMAAMAABn  <WBBA“JNfMNM<<<<< 

10 
X 

C  B^BBBBcBBBBBinHIMlIXB^BBBBBBBBBBBBBBBBBBBB 

lb  A  A  A  A  A  •<  A  A  A  A  A  A  A  HAAAAAAAAAAA  A  AAA  AAAA  A  A  A  AAA  A 

nt  ji  JajiJ*JlJ*j«J*JfJ*-**JlJi  itllji  Jiii  J>  it  u  Jl  u  ji  ji  uiuiiiwjiJiiiiiJiJiiiiijiji 

A  N  »  aBWWBWB  ON  B  NINN  r  DWD  C  MO  BON  N  AAB^DBRNBNBCJN 

CM  M  P*J  flilN  AO«BB  MO  B  Off  «t*<  A»  BBB»BO».B<«<  Alt  KflONN 
10  «Mr  ooNn»oNAoBSOB(«BBr>AB<OC»  hBBpAOBoABBOBB 
X  a  «  OWOQOO  A0BOANBB  OB  A<  BiANN  AO«AB  A<BM  <<  OWMMM 

O  O  A<N»  AOAaAAKMOAINC  AMM<N<<M<<NIMBBN<<KXIBA<B 

—  B  AB«*  AABBAAAA»AN«»OK  AABOMOMrvMOMNItrflBBABOB 

K  • 

-  A  Ma  a«n  0«^-T  «N>  AAM  aAAM  AHNB  OOABB  B  O  ,t|AA  AAA>IMet|  A 

Z 

Jl 

U  o  opooo  oeoocoooooBooooocoee  eoooooecoDoooo 

O  OO00O0O0OO00000000O09000O00  OO  OOO  OOOOOOO 
4-  o  o«  ooc  oooooeooooocoooocjcucioooeoooocooooo 
X  • 

a  oBcJvBeit  vreroropoBor  ovtcrcr  cror  crorer  c<cr 

_J  OMMNOXItN  oMMNONIIKOAON  aRJKeRpN  9N*N  O  M<A  N  OMJtN 
O  O  OCOAAAAMMMM<<<<BBBBHVCKI<BBBBNNNNC<BCOB9B 


214 


SAMPLE  OUTPUT  FOP  WINDOW  RESPONSE 


ShOONIh  HOi  5S8S01  NOlSRlNSNVHl 


ni  ran  c^cft«^««»».on«Kv«c«Mirco^c»^^»<Ctf<T<irnN«rn 

•  oo-<tIHO  09  «««Nor*>iA«o«MHNf4nn«vvvv'>innii>)n 

<iDi((in0'O«<OC'OC«i(\Ain<»i|\JMnAAiAAtfX«<<O<4C«<O'O4O<<<< 

MM<c«<CN*f44i«»Kencir«c«)|)fco«<c9^n»<r>vonrK«fr: 
o  o»j  onmvon^«>9i9  0«4»ini«isov  invcvoMNO-MvKioKviAAnisviA 

o«n>o  oon  hhuo«««  «r\  c  ▼  -5  ,r»  <0  b  c»  •om^nqvvfvv'iqnun 
00M'rvt000<<««n^tf>tfk^r>tMr^rr^<c<««cc«cc«cc<«'<A 

"*  k»*{>^wnccnt  oc^^r'>r"»of\  *\  r-»  c*  o*  rv  r*.  «  *o  r'  «:  »« t>  o-  cn«3»«T*c<ic 

®  -o  O  ♦  •©  00  I9K  *«^«0«4«0NiAN9H0NrfH>*Ae^*s4 

■»  rKa^onnfmniai^HONOisNK  0K»ont<0«i4i9<4>9*iA«K  ««« 
r»r»K.40a>999«9ccr«.is.r»r«rHr«r^r>r«9ociS(c.csc«>c«a>e«»9X9A9 

41 

CE  OODOOOOOODOOOOOOOOOOOOC&OODOOOOOOOOOOOOO 
3  ®  9000900900000e»0090000000S>e»0000090900a»3e> 

u  Bnai(ionoiliaiAa(ioinoinaj«Qj«oAeA9Ao«oiAojteiAo*sAoA 
S  o(V(vr»opnrrsow<>r'Civipr»cftif'f»c?»rf^o<X0Nafvr>f»o?«0*NCOitf'K 
X  3OaOf4<4>4i4Nnini)ini9A,*}««««AJ«AA«C««NKKKa0  9S»»>» 


NftTUPAL  MUOUcfcClfcS  F0»  P»Ncl  ChPU® 


umi  OUTPUT  ■  NMURAl  FREQUENCES  FOR  PANEL  GRO'QP 


ACOUSTIC  T«6*THeNT  TRANSMISSION  L08S 


NNNMftnnr 


•  KVRIOMI9RIPAKK4VIV 


«J  •— 


n^«NN(MntNNe«o»ji 


c««Aftonn! 


»  »  I  #  w4 


MMNMflKVNNNMCaMMniniNMN 


X  z 
O  Ol 
a  o 


<Mo»>ift«*oc**io«»o  oo>  k  h  r 


r  «  <c  ho  o 


C  w* 

*-  O  OC 
l-«H  *  — 
—  1A  O  < 


o  ►OWN.  « 


UIOUN-N 

*  tn  ZJ  ce  c 

.  *  *  -* 
-  Oi  •*  _i 

Hi  2*  O 

X  <  h.0 

■u»-  o  • 

ill  X  j> 


f  Cft  O  OU»> 

1  uu  *xo-~ 

•5WC  >!«.  (A 


***** 


JU  OJI-.N 


-Ol  u 


OX-«il 

•O  UOSh. 
***  —  Hi  X  JX 
XQ.OOS 
*-W  X>X 


CA 

C5 

7 


:  cfl  Z 
r  jj«* 
>  ©  sc 


j  tnin  2- 

U  UIIA  x 

»-  —©  3  7 
X  _l  JO 

w  o  — 

7  7  7  UN. 
••  «o  u 
*—  r  ^ 


Jl  JX2 
3  <0>  X  ifc 
35/3A 
Ui  (1*  *  J  — 
X  >JOO 
U.  C  *-  «J  7 


»•  «l»5  ^  © 
Z  7  Z  Z  Z 

5§§§5 


r"e  ^22221  N<>  »*l>nr.<vrN««P) 

«AAnaiTVAAAA*«« 


•one 

»<n»» 


n o o o 300UOC 
i«TN(OOOOOC 
4riN<^  ^m«NO0 


ONv«ooeAD«ooo 

nn  n  «  n  « 


217 


SAMftE  OUTPUT  FROM  JET  NQ15I  PROGRAM1 


APPENDIX  III 


DESIGN  CHARTS 

In  this  af.peridix,  a  number  of  simple  design  charts  are  presented  to  serve  as  a  guide  for 
preliminary  design  prior  to  detailed  calculations.  Essentially,  the  charts  provide  the 
necessary  data  for  making  engineering  estimates  of  the  anticipated  fluctuating  pressure 
environments,  sound  attenuation  through  various  acoustic  treatments  and  the  expected 
noise  reduction  inside  the  cabin.  Also  included  are  charts  which  provide  data  on  the 
weight  of  damping  treatments  versus  their  corresponding  loss  factors  and  an  abstract  f  am 
a  Military  specification  for  internal  noise  level  criteria. 

1 .  THE  ENVIRONMENT 
a.  Aerodynamic  Turbulence 

(1)  Overall  Level 

The  overall  level  for  an  attached  boundary  layer  is  shown  in  Figure  54  as  a  function  of 

Mach  number .  For  structural  areas  where  p  /a  does  not  follow  the  relationship  in 

rms  r 

‘-Puction  (4.3),  the  overall  level  may  be  determined  by  use  of  Figures  55  ond  56  which 
show  typical  values  of  p  /q  at  various  positions  on  the  aircraft  structure,  and  overall 
sound  pressure  levels  as  a'function  of  p  /q  ,  respectively, 

(2)  Frequency  Spectra 

The  octave  band  sound  pressure  levels  ore  determined  from  the  non-dimensional  spectrum 
shown  in  Figure  58  after  first  calculating  the  boundary  layer  thickness  from  Figure  57 
and  the  dynamic  head,  q  ,  from  the  relation; 

q  -  0.5  pU* 

where  p  ~  fluid  density 

and  U0  =  free  stream  velocity. 

It  should  be  noted  that  in  practice  the  effective  boundary  layer  noise  pressures  are  lower 
than  the  measured  surface  pressures  due  to  the  lower  structural  coupling  efficiency  (i.e., 
joint  acceptance  of  the  turbulent  boundary  layer  pressure  fluctuations).  This  is  accounted 
for  in  detail  in  the  computer  program  and  is  accounted  for  approximately  in  Figure  58 
by  decreasing  the  true  Octave  Band  Levels  at  a  rate  of  6  dB/Octave  below  a  cut-off 
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frequency  f  —  0.4  — —  The  corrected  or  effective  octave  band  levels  are  shown 

®b 

in  Figure  58  by  the  dashed  line.  The  corrected  levels  will  thus  provide  values  of  over¬ 
all  noise  reduction  in  reasonable  agreement  with  values  measured  in  the  laboratory  for 
reverberant  acoustic  excitation. 

b.  Jet  Noise 

The  iet  noise  design  charts  are  based  on  the  measurements  carried  out  by  Hermes  ar.d  Smith 
(Reference  67)  for  the  J57-P21  Turbojet  engine  operating  at  10C  percent  military  power 
for  which  the  jet  exit  diameter  and  jet  exit  velocity  were  1 .85  feet  ond  1920  ft  ./sec. 
respectively. 


(1)  Overall  Level 

The  overall  sound  levels  for  the  near  field  are  obtained  from  Figure  59,  which  shows  the 
overall  level  contours  as  o  function  of  the  number  of  jet  exit  diameters  from  the  nozzle 
exit  plane. 

(2)  Frequency  Spectra 

To  account  for  the  variation  in  octave  band  levels  with  position  relctive  to  the  nozzle 
exit,  average  sound  pressure  spectra  in  the  near  field  have  been  established  for  the  regions 
identified  by  the  grid  shown  in  Figure  60.  The  octave  band  sound  pressure  levels 
shown  in  Figures  61(a)  through  6l(x)  represent  typical  smoothed  spectra  for  the  24 
regions  identified  by  the  grid.  To  allow  for  intensity  doubling  ot  the  surface  of  a  structure 
placed  in  the  immediate  vicinity  of  the  nozzle  exit  plane,  the  overall  sound  pressure  level 
should  be  modified  by  adding  a  maximum  increment  of  6  dB  for  positions  directly  opposite 
the  nozzle  exit  plane. 

To  account  for  the  change  in  overall  levels  for  jet  engines  having  different  jet  exit  veloc¬ 
ities,  the  relationship  derived  by  Hermes  and  Smith  (Reference  67)  should  be  used,  os 
follows: 


SPll"  SPl3  *  ,0n  [io910  V,  -l°9IO  Vjj  0) 

SPL  =  10log|(,  2- 

F  r 


where 


V|  =  Jet  exit  velocity  for  engine  1 

Vj  =  Jet  exit  velocity  for  engine  2 

n  =  Velocity  exponent,  determined  from  Figure  62. 

The  effects  of  a  change  in  jet  velocities  on  the  frequency  spectrum  ore  accounted  for  by 
simply  shifting  the  peak  of  the  spectrum  by  the  ratio  of  the  jet  exit  velocities. 

2.  TRANSMISSION  LOSS 
a.  Single  Fuselage  Panel 

The  variation  in  effective  transmission  loss  of  a  mass-controlled  panel  for  random  incidence 
conditions  as  a  function  of  frequency  times  surface  density  is, shown  in  Figure  63  .  The 
effective  transmission  loss  is  defined  as  relative  difference  in  sound  level  that  would  be 

observed  on  each  side  of  the  panel  when  it  is  in  place.  In  general,  the  transmission  losses 

predicted  by  this  figure  lie  about  5  dB  below  norma!  incidence  transmission  loss  curves, 

A  design  chart  for  single  mass -control  led  panels,  proposed  by  Bercnek  {Reference  60), 
is  shown  in  Figure  64  for  use  when  a  reverberant  sound  field  is  assumed  to  act  on  one 
side  of  the  panel.  The  procedure  for  computing  the  transmission  loss  through  a  panel  of 
thickness  h  and  specific  surface  density  w  is  carried  out  with  The  aid  of  Figures  63 
and  64  as  fallows: 

(1)  Determine  the  surface  density  WQ  from  the  relation 

W„  =  hw 

using  the  value  of  w  given  in  the  table  of  Figure  64  . 

(2)  Determine  the  effective  random  incidence  transmission  loss  for  a  particular 
value  of  frequency,  V ,  by  reeding  off  the  value  in  Figure  63  corresponding 
to  f'Wa.  Plot  this  point  and  draw  a  line  of  6dB/Octave  slope  through  it. 

(3)  Determine  the  height.  A,  in  dB  from  the  table  in  Figure  64  for  the  particular 
pane!  material  and  construct  a  horizontal  line  such  that  it  intersects  the 

6  dB/Octave  line  at  the  point  x.  Increase  the  plateau  height  by  6  dB  if  the 
panel  area  is  less  than  5  sq.ft. 

(4)  Having  obtained  the  point  x,  determine  the  position  of  point  y  by  multiplying 
by  the  frequency  ratio  (i.e.,  dimension  B  tabulated  in  Figure  64). 

(5)  Extend  the  line  above  point  y  at  10  dB/oetave  for  the  first  octave  and  6  dB/ 
Octave  thereafter. 
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(6)  To  allow  for  the  change  in  transmission  loss  ot  low  frequency  due  to  the  combined 
stiffness  effects  of  the  structure  and  the  air  cavity  inside  the  fuselage,  add  the 
following  corrections  to  the  values  determined  from  the  preceding  steps 


Frequency 

Cylinder''' 

Diameter 

25 

j 

; 

5° 

100 

200 

3  -  6ft. 

mm 

n 

9  dB 

3  dB 

6-  12  ft. 

■H 

3  dB 

0 

12 -24  ft. 

9d3 

; 

3  dB 

0 

0 

b  .  Incremental  Transmission  Loss  Due  to  Treatment 


The  increment  in  transmission  loss  due  to  acoustic  treatment  may  be  estimated  from  the 
design  charts  shown  in  Figures  65(a)  through  65(e).  These  curves  ore  essentially 
simplified  versions  of  curves  computed  by  Beranek  and  Work  (Reference  62) .  Where  an 
air  gap  is  present  in  the  system,  the  incremental  transmission  loss  will  depart  from  the  basic 
mass  law  trend  at  the  double-wall  resonance  frequency,  which  is  given  by;  (References 
61  and  6fi) 


f 


0 


W,  +  w2  2 
d(W,  Wj ) 


Hz. 


(2) 


where  d  —  air  gap  length  -  inches 

Wj  ,W2  =  surface  weight  densities  of  each  wall . 

The  curves  represent  the  average  Over  the  range  of  air  gap  thickness  and  double-wall  surface 
weights  indicated  by  the  figures.  Two  values  of  specific  flow  resistance  for  the  acoustical 
blankets  have  been  chosen  as  representative  of  maximum  and  minimum  values  encountered 
in  practice,  namely  250  rayis  per  inch  (of  material  thickness)  and  25  rayls  per  inch. 
Specific  flow  resistance  is  defined  as 


where 


Ap  =  sound  pressure  differential  across  thickness  AT  of  porous  material, 
measured  in  direction  of  particle  velocity,  dynes/emZ 

u  =  particle  velocity  through  the  porous  material,  cm/sec. 

AT  —  incremental  thickness,  cm. 


(Note:  To  convert  c.g.s.  rayls/cm  to  c.g.s  rayls/inch,  multiply  by  2.5.) 


Two  values  of  blanket  thickness  are  included  in  each  design  chart,  enabling  interpolation 
to  be  carried  out  during  design.  The  density  of  the  septum,  a  ,  is  assumed  to  be  0.06 
lb  -/Ft  -  throughout  and  changes  in  attenuation  due  to  different  values  of  a  are  determined 


by  adding  20 


to  the  incremental  attenuation,  where 


os  is  the  actual  surface 


density  of  the  septum.  The  double-wall  configurations  illustrated  in  Figure  65  are 
representative  for  many  of  the  aircraft  in  current  service  where  the  inner  wall  is  very  light. 
Advanced  performance  aircraft  may  utilize  a  heavier  inner  wall  with  thinner  blanket 
material  for  both  acoustic  and  thermal  protection.  An  approximate  upper  bounc  to  the 
incremental  transmission  loss  AT  L  for  configurations  not  covered  by  Figure  65 
be  estimated  as  follows 


(1)  Estimate  the  double-wall  resonance  frequency  f5  using  Equation  (2)  . 

(2)  For  f  <  fg  ,  the  incremental  transmission  loss  will  be  approximately 

2 

(4) 

where  Wj  =  total  surface  density  of  added  treatment 
Wj  =  total  surface  density  of  outer  skin. 

C3)  Far  f  =  f#  ,  the  incremental  transmission  loss  may  decrease  by  5  to  10  dB 
below  the  value  determined  in  Step  2  depending  an  the  damping  provided  for 
the  panels  and  the  geometry  of  the  air  space  (Reference  68). 

(4)  For  fg  <  f  <  6700/ti  (where  d  =  air  gap  thickness  -  inches) 

Add  40  log  [f/fg  ]  to  the  estimate  made  in  Step  2.  This  is  an  upper  bound 

for  the  increase  in  transmission  loss  due  to  de-coupling  of  the  outer  and  inner 
wafU  above  the  double-wail  resonance  Frequency. 


W, 


ATL  =  10  log  1  + 


W 


t  J 
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For  f  >  6700 /d 


The  incremental  transmission  loss  may  be  estimated  by  adding  the  random 
incidence  transmission  loss  given  by  Figure  63  For  the  inner  wall  only.  In 
this  frequency  range,  the  incremental  less  may  exhibit  dips  dre  to  standing 
wave  resonances  within  the  air  gap-  These  resonances  can  normally  be  sup¬ 
pressed  by  proper  acoustic  lining  ©f  the  air  gap.  The  total  estimated  transmission 
loss  is  the  sum  of  the  absolute  values  determined  for  the  single  fuselage  aonel 
(determined  in  pert  2a)  and  the  incremental  attenuation  due  to  the  ocous.ic 
treatment. 

3.  NOISE  REDUCTION 

Cabin  noise  reduction  may  be  defined  as  (Reference  69) 

N.R.  =  dB  sound  reduction  =  10  log10  +  “  j  ® 

where  A  =  Total  number  of  absorption  units  in  the  cabin 

and  T  =  Total  number  of  transmission  units  of  the  bounding  surfaces. 

The  absorption  and  transmission  units  are  defined  by; 


A  ■  55  (6] 

and  T  =  S  t 

where  tt  and  "t  are  the  average  sound  absorption  and  transmission  coefficients, 
respectively,  of  the  bounding  surfaces  of  the  cobin .  These  coefficients  are  determined 
from  the  relations; 


5  =  (5,  a 


S2  +  S3  + 


—  )/S 


-  <S,  T,  -  S2  +  S3  T3  + - )/S 


where  S1 ,  Sj  ,  Sj  - —  are  the  areas  of  portions  of  the  boundaries  having  the  same 

construction  and  a,,  a,,  *3  ,  t,,  t2,  t*, - ore  the  port  icu  lor  a's  and  t's  for 

these  areas,  respectively. 
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Further, 


S  =  Sj  +  $2  +  S3  + - =  Total  boundary  area. 

A  design  chart  relating  noise  reduction,  average  transmission  coefficient,  average  trans¬ 
mission  loss,  end  average  absorption  coefficient  is  shown  in  Figure  66.  This  figure 
is  based  an  Equation  (5)  and  (6)  where  the  average  transmission  loss  is  10  lcg]Q  (1/t)  . 


Some  typical  values  for  the  absorption  coefficients  of  various  structural  items  and  structure- 
treatment  configurations  are  listed  in  Table  IV. 

The  procedure  for  calculating  noise  reduction  is  as  follows: 

a.  Determine  the  average  transmission  losses  for  the  whole  structural  area  under 
consideration.  Using  Figure  66  to  convert  from  transmission  loss  to  trans¬ 
mission  coefficient,  determine  an  overage  transmission  coefficient,  T,  by 
summing  the  products  of  the  area  and  the  transmission  coefficient  for  each  area 
and  dividing  by  the  total  area. 

b.  Similarly  determine  the  average  absorption  coefficient,  a ,  by  summing  the 
products  of  the  area  end  the  absorption  coefficient  for  each  area  and  dividing 
by  the  total  area . 

c.  Determine  the  noise  reduction  from  Figure  66  by  entering  the  corresponding 
values  of  the  average  transmission  and  average  absorption  coefficients. 

For  the  special  problem  of  estimating  noise  transmission  between  adjacent  compartments 
(such  as  transmission  between  a  baggage  compartment  and  the  cabin),  an  additional  com¬ 
putation  is  necessary  in  order  to  establish  the  effective  sound  transmission  coefficient  for 
this  flanking  path.  First,  the  noise  reduction  NR?  for  the  adjacent  compartment,  (2),  is 
determined  for  the  exterior  sound  field  in  the  same  woy  as  outlined  above.  Next,  the 
transmission  loss,  TLj2  of  the  sound  field  within  the  adjacent  compartment  to  the  cabin 
(1),  is  determined  according  to  the  methods  given  Tn  Section  2  above.  Finally,  the  total 
transmission  loss  is  determined  by  the  sum  of  NR2  andTLI2.  This  overall  flanking  path 
transmission  loss  is  then  included  in  the  overall  noise  reduction  calculation  for  the  primary 
cobin  according  to  the  methods  specified  earlier. 
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4.  THE  EFFECTS  OF  A  DAMPING  TREATMENT 


A  further  significant  point  concerning  the  noise  reduction  in  aircraft  cabin  structures 
involves  the  reduction  in  resonant  responses  of  the  fuselage  panels  by  the  addition  of 
damping  treatment.  Referring  back  to  Figure  64  ,  it  should  be  noted  thct  the  finite 
resonances  of  the  panel  have  been  ignored  and  have  effectively  been  replaced  by  a  single 
line  of  slope  6  dB/octave;  in  practice,  this  single  line  will  have  discrete  resonances 
superimposed.  Since  the  addition  of  damping  treatment  to  a  bare  panel  contributes  to  the 
noise  reduction,  it  Is  worthwhile  to  consider  how  the  additional  damping  is  affected  by 
the  geometry  and  properties  of  the  treatment.  The  two  different  types  of  damping  treat¬ 
ment  commonly  employed  in  light  structures  are; 

( i )  unconstrained  layer  treatment  consisting  of  one  or  more  layers  of  damping  material 
applied  to  one  side  of  a  panel,  artd 

(ii)  constrained  layer  damping  treatment  which  involves  two  metal  layers  and  an 
intermediate  layer  of  damping  material. 

The  effects  of  three  different  types  of  unconstrained  layer  damping  treatment,  applied  to 
on  aluminum  plate,  on  the  combined  loss  factor  are  shown  in  Figure  67  as  a  function 
of  the  weight  ratio  W2/Wj  •  The  surface  weight  of  the  aluminum  plate  is  denoted  by 
W r  and  the  surface  weight  of  the  treatment  is  denoted  by  W2  .  The  relevant  properties 
of  the  three  representative  damping  treatments,  namely,  loss  factor,  real  part  of  the 
complex  modulus  of  elasticity  and  density,  are  indicated  in  the  figure. 


Secondly  a  design  chart  is  shown  in  Figure  68  for  the  optimum  configuration  of  o  con¬ 
strained  layer  damping  treatment  (i.e.,  r|  )  as  a  function  of;  (i)  a  modified  shear 
parameter  (y),  (ii)  the  ratio  of  constraining  thickness  to  basic  panel  thickness 
and  (iii)  the  ratio  of  constrained  layer  thickness  to  basic  panel  thickness  (h2/hj ) .  For 
this  particular  chart  it  has  been  assumed  that  the  real  parts  of  the  complex  moduli!  of 
elasticity  for  the  basic  panel  and  constraining  layer  ore  identical  and  that  the  shear  loss 
factor  of  the  constrained  layer  (I.e.,  p)  is  equal  to  unity.  The  modified  sheer  parameter, 
y,  is  defined  by; 


7 


1.03  C  E. 
_ n  1 _ 

Vl  +  '•  G2 


(8) 


where 


a  =  plate  span 

Ej  =  Young's  modulus  for  the  basic  plate. 
P  =  loss  factor  of  the  constrained  layer. 
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G2  =  shear  modulus  of  the  constrain  .id  layer, 
hi  =  basic  plate  thickness 

C  =  a  frequency  constant  for  the  n-th  mode(tabulated  in 
Reference  70) . 

Finally,  a  design  chart  for  the  combined  loss  factor,  1ma){  •  of  an  aluminum  plate  (treated 

with  o  constrained  layer),  as  a  function  "•<"  fhe  treatment  weight  to  plate  weight  ratio,  is 
shown  in  Figure  69.  The  subscripts  1,2,  and  3  in  this  figure  refer  to  the  basic  plate, 
constrained  layer  and  constraining  layer  respectively,  h  denotes  thickness  and  p  denotes 
density.  The  value  of  the  loss  factor  for  the  constrained  layer  has  again  been  ossumed 
equal  to  unity. 

The  design  charts  for  damping  layers  are  based  on  refinements  to  analytical  methods 
developed  by  Ungar  (Reference  71)  and  Oberst  (Reference  72). 

5.  NOISE  CRITERIA 

The  criteria  for  internal  noise  levels  within  cn  aircraft  cabin  normally  differ  depending 
on  the  particular  location  considered  and  the  aircraft  mission .  The  primary  objectives 
associated  with  the  acoustic  treatment  in  a  passenger  aircraft  cabin  are  to  maintain 
passenger  comfort,  cvold  hearing  damage,  and  interference  with  speech  communication, 
while  retaining  privacy  and  the  ability  to  hear  the  communication  system.  For  military 
commend  and  communications  aircraft,  minimum  speech  interference  levels  are  a  primary 
concern.  Speech  interference  level  (S.I.L.)  is  defined  as  the  arithmetic  average  of  the 
octave  band  sound  pressure  levels  in  the  octave  bonds  600-1200  Hz.,  1200-2400  Hz. 
and  2400-4800  Hz.  (The  octave  band  levels  in  the  new  preferred  octave  band  frequency 
scale  with  center  frequencies  oF  1000,2000  and  4000  Hz.  will  provide  essentially 
equivalent  results.)  The  required  5 1 L  values  for  effective  speech  communication  are 
tabulated  below  a:  a  function  of  voice  e.fort  and  listener-speaker  separation  distance. 
(Reference  73). 


TABLE  OF  MAXIMUM  SPEECH  INTERFERENCE  LEVELS  FOR 
EFFECTIVE  VOICE  COMMUNICATION  -  dB  re:  0.0002  Microbar 


Distance 

(ft.) 

Voice  Level  (Average  Male] 

Normal 

Raised 

Very  Loud 

Shouting 

0.5 

71 

77 

83 

89 

1 

65 

71 

77 

83 

2 

59 

65 

71 

77 

3 

55 

61 

67 

73 

4 

53 

59 

65 

71 

5 

51 

57 

63 

69 

6 

49 

55 

61 

67 

12 

43 

49 

55 

61 
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As  an  example  oF  current  noise  criteria  for  military  aircraft,  an  abstract  from  the  Military 
Specification  MIL-A-SS06  A  is  attached  below. 
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ABSTRACT  FROM  MILITARY  SPECIFICATION  MIL-A-8806A,  II  July  196 6 

Superseding  MIL-A-8806(ASG),  25  October  1956 

ACOUSTICAL  NOISE  LEVS.  IN  AIRCRAFT,  GENERAL  SPECIFICATION  FOR 

Ibis  specification  has  been  approved  by  the  Department  of  Defense  and  is  mandatory  for  use 
by  the  Departments  of  the  Army,  the  Navy,  and  the  Air  Force . 

1 .  SCOPE 

1-1  This  specification  covers  the  general  requirements  for  the  control  of 

acoustical  noise  in  occupied  spaces  of  aircraft,  including  the  acceptable  noise  levels  and 
the  testing  requirements  for  determining  conformance  to  these  levels. 

2.  APPLICABLE  DOCUMENTS 

2.1  The  following  documents  of  the  issue  in  effect  on  date  of  invitation  for 

bids  or  request  for  proposal,  form  a  part  of  this  specification  to  the  extent  specified  herein. 

SPECIFICATIONS 

Military 

MIL-S-3151  Sound-Level- Measuring  Equipment 

MIL-S-6144  Soundproofing  for  Aircraft;  General 

Specification  for  Installation  of 

MIL-l-7171  Insulation  Blanket,  Thermal-Acoustical 

(When  requesting  specifications,  refer  to  both  title  and  symbol .  Copies  of 
specifications  may  be  obtained  upon  application  to  the  Commanding  Officer,  Naval 
Supply  Depot,  5801  Tabor  Avenue,  Philadelphia,  Pennsylvania,  19120,  Attention: 

Code  105). 
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3.  REQUIREMENTS 

3.1  Acoustical  noise  levels  - 


3.1 .1  Maximum  continuous  power  -  The  acoustical  noise  level  ir.  ony  part  of 
the  aircraft  (see  6 .3^2)  intended  for  occupancy  by  the  crew  or  other  personnel  shall  not 
exceed  the  values  specified  in  Table  IA  (preferred)  or  Table  IB  during  conditions  of 
MAXIMUM  CONTINUOUS  POWER. 

TABLE  I .  -  Maximum  acceptable  noise  level  at  maximum  continuous  power 


IA. 

Frequency  (eps) 

Max .  accept¬ 
able  noise 

Band 

Center 

level  (db) 

Overall 

113 

22.4  - 

45 

31 .5 

111 

45 

- 

90 

63 

111 

90 

- 

180 

125 

111 

180 

- 

355 

250 

111 

355 

- 

710 

500 

105 

710 

- 

1400 

1000 

99 

1400 

• 

2800 

2000 

93 

2800 

- 

5600 

4000 

87 

5600 

- 

11200 

8000 

87 

IB. 

Frequency  bands 

Max.  accept¬ 
able  noise 

(cps) 

level  (db) 

Overall 

113 

37.5  -  75 

111 

75  -  150 

111 

150  -  300 

111 

300  -  600 

105 

600  -  1200 

99 

1200  -  2400 

93 

2400  -  4800 

87 

4800  -  9600 

87 

3 . 1 .2  Short  duration  conditions  -  For  takeoff ,  afterburner  operation  and  other 
conditions  normally  not  exceeding  5  minutes  continuous  duration  the  acoustical  noise  teve! 
in  ony  part  of  the  aircraft  (see  6.2.2)  intended  For  occupancy  by  the  crew  or  other  personnel 
shall  not  exceed  the  values  specified  in  Table  IIA  (preferred)  or  Table  IIB. 

TABLE  II .  -  Maximum  acceptable  noise  level  under  short  duration  conditions 


i  ha. 

Frequency  (cps) 

Max .  accept¬ 
able  noise 
level  (db) 

Band 

Center 

|  Overall 

120 

22.4  - 

45 

31.5 

118 

45 

- 

90 

63 

118 

90 

- 

180 

125 

118 

180 

355 

250 

118 

355 

710 

500 

112 

710 

- 

1400 

1000 

105 

1400 

- 

2800 

2000 

100 

2800 

- 

5600 

4000 

94 

5800 

- 

11200 

8000 

94 

IIB 

Frequency  bands 

Max .  accept¬ 
able  noise 

(cps) 

level  (db) 

Overall 

120 

37.5  -  75 

118 

75  -  150 

1)8 

150  -  300 

118 

300  -  600 

112 

600  -  1200 

106 

1200  -  2400 

100 

2400  -  4800 

94 

4800  -  9600 

94 

MIL-A-8806A 

3. 1 .3  Protective  helmets  ~  in  aircraft  in  which  personnel  must  necessarily  wear 
helmets  at  all  times  and  communicate  by  electronic  means  (e.g.,  single  place  fighter  aircraft), 
the  acoustical  noise  level  (see  6.2.2)  shot!  not  exceed  the  values  specified  in  Table  IIIA 
(preferred)  or  Table  IIIB  during  condrrions  of  MAXIMUM  CONTINUOUS  POWER. 

Table  ill.  -  Maximum  acceptable  noise  level  with  protective  helmets  or  devices 


IIIA. 

Frequency  (cps) 

Max.  accept¬ 
able  noise 

Bond 

Center 

level  (db) 

Ove 

nail 

113 

22.4  - 

45 

31 .5 

111 

45  - 

90 

63 

111 

90  - 

180 

125 

111 

180  - 

355 

250 

111 

35u  - 

710 

500 

109 

710  - 

1400 

10C0 

106 

1400  - 

2800 

2000 

:oo 

2800  - 

5600 

4000 

94 

5600  - 

11200 

3000 

94 

IIIB 

Frequency  bands 

Max.  accept¬ 
able  noise 

(cps) 

level  (db) 

Overall 

113 

37.5  -  75 

IP 

75  -  150 

111 

150  -  300 

111 

300  -  600 

109 

600  -  1200 

106 

TOO  -  2400 

100 

.400  -  4800 

94 

4800  -  9600 

94 

3.1.4  Normal  cruise  power  -  The  acoustical  noise  level  in  any  part  of  the 
aircraft  (see  6.2 .2)  intended  for  occupancy  by  the  crew  or  other  personnel  shall  not  exceed 
the  values  specified  in  Table  !VA  (preferred)  or  Table  IVB,  during  conditions  of  NORMAL 
CRUISE  POWER .  Tables  IVA  and  IVB  are  applicable  to  oil  Naval  aircraft  procurement;  and 
to  Air  Force  ond  Army  aircraft  procurement  when  so  stated  in  the  aircraft  detail  specification . 

TABLE  IV.  -  Maximum  acceptable  noise  level  at  normal  cruise  pcwer 


IVA. 

Frequency  (cps) 

Max.  accept¬ 
able  noise 
level  (db) 

Band 

Center 

Overall 

106 

22.4 

45 

31.5 

104 

45 

90 

63 

104 

90 

-  180 

125 

104 

180 

-  355 

250 

104 

355 

-  710 

500 

96 

710 

-  7400 

1000 

90 

1400 

-  2800 

2000 

86 

2800 

-  5600 

4000 

75 

5600 

-  11200 

8000 

75 

IVB. 

Frequency  bands 
(cps) 

Max.  accept¬ 
able  noise 
level  (db) 

Ovena!  1 

106 

37.5  -  75 

104 

75  -  150 

104 

150  -  300 

104 

300  -  6C0 

96 

600  -  1200 

90 

1200  -  2400 

86 

2400  -  4800 

75 

4800  -  9600 

75 
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3 .1 .5  Auxiliary  systems  -  The  cuxilicry  systems  which  normally  operate  For 
longer  than  5  minutes  shall  not  produce  an  increase  in  noise  levels  in  occupied  compartments 
above  the  tobies  herein.  Short  duration  noise  levels  shall  not  exceed  levels  in  Table  II A  or 
Table  IIB  unless  specifically  approved. 

3.1 .6  Special  missions  -  For  special  missions  such  as  Anti-Submarine  Warfare  (ASW), 
Aircraft  Early  Warning  (AEW),  and  Electronic  Counter  Measures  (ECM)  which  may  require  r.oise 
levels  lower  than  those  required  by  this  specification,  me  i  touirenents  will  be  so  stated  in  the 
detail  specification . 

6.2  Definitions  - 


6.2.1  Acoustic  reference  level  -  The  reference  sound  pressure  level  for 
measurements  made  in  accordance  with  this  specification  will  be  the  level  produced  by  a 
sound  pressure  of  0.0002  dyne/cm2  . 

6 .2.2  Acoustical  noise  level  -  The  acoustical  noise  level  of  the  aircraft  shall  be 
considered  to  be  the  numerical  average  of  the  measured  minimum  and  maximum  levels,  pro¬ 
vided  this  average  is  not  less  than  3  db  below  the  maximum.  In  the  letter  case  the  reported 
level  shall  be  the  maximum  less  3  db. 

6.2.3  Overall  acoustical  noise  level  -  The  term  overall  acoustical  noise  level 
will  be  interpreted  as  including  all  noise  within  the  frequency  range  from  22.4  to  11200  cycles 
per  second. 

6.2.4  Maximum  continuous  power  -  Maximum  continuous  power  is  the  maximum 
power  that  the  engine  can  develop  for  continuous  operation  in  level  flight  at  the  altitude 
where  measurements  are  to  be  taken . 

6.2.5  Normal  cruise  power  -  Normal  cruise  power  is  the  power  the  engine  can 
develop  for  maximum  range  in  level  flight  at  the  alti'nde  where  measurements  are  to  be 
taken. 

6.? .6  Auxiliary  systems  -  An  auxiliary  system  is  any  mechanism  or  structure  other 

than  the  airframe  orpower  plant  which  performs  a  function  at  some  time  during  the  operation 
of  the  aircraft,  e.g.,  heat  and  vent,  pressurization,  defrost  and  defog,  inverters,  pumps. 
Auxiliary  Power  Unit  (APU),  etc . 
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APPENDIX  IV 


PRESSURE  RATIOS  AND  INPUT  IMPEDANCES  FOR  ACOUSTIC  TREATMENT 
INTRODUCTION 


In  Section  VI  expressions  for  the  complex  pressure  ratios  and  input  impedances  for  the  various 
types  of  acoustic  trecfment  ere  stated.  :n  this  Appendix  the  equations  ore  re-arranged  into 
forms  more  suitable  for  computational  purposes.  Symbols  used  below  are  those  defined  in  Sec¬ 
tion  VI  except  where  given  here  . 

2.  PANEL 

The  pressure  ratio  is  given  by  the  ratio  of  input  and  terminating  impedances .  The  characteris¬ 
tic  impedance  is  given  by 

D  ,  o2  m  u3  D  \ 

Z  =  UQm  q  + — —  n  sin4  0  +  j  j  cam - 2 - sin4  q)  (]) 

c  '  cj  c4  / 

ond  thus  the  input  impedance  which  is  the  sum  of  characteristic  and  terminating  impedances  is 


z  +  z. 


(2) 


The  pressure  ratio  across  the  panel  is  given  by 


where  =  Rf  +  jX^  is  the  terminating  impedance. 
3.  SEPTUM 

The  characteristic  impedance  is  given  by 
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Z  =  jum 

and  thus  the  input  impedance  is 


2.  =  Rf  +  j  (Xf  +  «m) 


The  pressure  ratio  is 


X^um  cos  6  jR^umcosB 

7= '  17F  *  ilh 


4.  POROUS  BLANKET 

From  Equations  (6.11)  and  (6.12)  of  Section  VI  it  is  seen  that  to  determine  the  pressure  in  a 
porous  blanket  it  is  necessary  to  know  the  complex  propagation  constant  b .  This  propagation 
constant  is  a  function  of  the  material  properties  of  the  blanket;  Reference  63  shows  that  the 
following  are  the  important  properties  governing  the  acoustical  performance  of  porous  blankets: 

a.  K  volume  coefficient  of  elasticity  of  air  in  lb/ft*  ordyr>es/cm2  (in  e.g.s.  units 

varying  from  1  .0  x  10*  to  1 .4  x  10*  as  compression  varies  from  isothermal  to 
adiabatic) . 

b.  Q  volume  coefficient  of  elasticity  of  the  solid  material  in  the  blanket. 

c.  R  unit  area  acoustic  resistance  in  "Rayls"  (see  Reference  63)  which  has  units  of 

lb  sec/ft3  .  A  Rayl  is  the  unit  for  the  ratio  of  sound  pressure  to  particle  velocity 
and  is  thus  the  unit  of  specific  acoustic  impedance. 

d.  R*  specific  flaw  resistance  of  o  unit  cube  of  blanket  in  Rayly'Tt. 

e.  R|  alternating  specific  viscous  resistance  per  unit  volume  of  air,  due  to  difference  in 

velocity  of  cir  particles  and  solid  particles  in  the  material .  Units  in  Rayls/ft . 

f .  Rj  alternating  frictional  resistance  per  unit  volume  due  to  friction  caused  by  relative 

motion  of  solid  particles  in  the  material .  Units  are  mechanical  ohms  per  unit  area. 

g.  X  unit  area  acoustic  reactance  in  Rayls. 

h.  Y  porosity;  ratio  of  volume  of  air  to  total  volume  of  material  including  the  air. 

i .  k  structure  (actor  to  allow  for  the  effect  of  oblique  and  non-uniform  passages  for  the 

moving  air  particles,  k  is  greater  than  1  and  is  dimensionless. 


224 


A  soft  acoustical  blanket  is  defined  os  one  in  which  K  >  20  Qf  and  this  generally  includes 
acoustical  blankets  used  in  aircraft  hrselcge  sound  proofing.  Sound  waves  in  the  blanket  are 
propagated  through  both  the  air  and  the  material  In  the  blanket;  however,  the  sound  wave  in 
n  e  Arterial  will  h*avel  slowly  and  be  highly  attenuated,  under  the  above  assumption  of 
softness, M  and  may  thus  be  neglected. 


It  is  found  from  experiment  that  R(  is  reasonably-  constant  with  frequency,  and  is  approximately 

equal  to  R' .  The  propagation  constant  b  can  be  expressed  In  terms  of  K,  k,  R  and  Y  plus 
the  air  and  material  densities  and  sound  wave  frequency  as  * 


eo 


where 


B  (Y/k  +  Pr/pk) 


1  +  p  Y  (k  -  l)/p  k 


m 


-  pk  - 


1  +  £  (k  -  1) 
Pm  _ 


1  +  B 


(8) 


(9) 


00) 


"“Y  regarded  as  an  effective  density  of  the  material  and  ^  as  a  dynamic  resistance, 
both  varying  with  frequency. 

The  material  constants  used  above  most  be  determined  by  measurements  on  samples  of  particu¬ 
lar  blankets  being  considered.  Typical  results  are  given  in  Reference  63  where  the  propaga¬ 
tion  constant  b  ond  the  impedance  of  various  materials  were  measured  directly  and  the 
material  properties  obtained  from  equations  given  above . 
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If  the  further  assumption  is  made  that  the  blanket  porosity  ¥  is  greater  than  0.95  the  charac¬ 
teristic  impedance  of  an  acoustic  blanket  is 

j  Kb 

Z~ 

and  the  blanket  input  impedance  becomes  (from  Equation  (6.11)  of  Section  VI) 

j  Kb  /  bd  Zf«Y 

2.  =  -  coth  I -  +  coth 

'  U  Y  \cos  $  j  Kb 


The  complex  propagation  constant  may  be  written 


b  =  «  +  j  p 


(12) 


where  a  may  be  regarded  as  an  attenuation  constant  and  P  os  a  phase  constant  for  the 
material.  In  order  to  compute  Z.  and  b  they  may  be  re-arranged  into  the  following  forms: 


then  «  |V«2  P*  +  ** 


u  p, 


(13) 


R 

lV  2 K 


and  p  = 


iv^r  ■  upi 


(14) 


Z. 


- j«(U_L  -  U  U  -  p  (U  4  +  U  4)  • 

« Y  (L2r+  l\)  l  R  1  ^  * 

•i  [*<usHi*uih>-f!W!h-uR4>]i 


05) 
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where 


K 

*-R  =  («2  +  P2)  {  1  +  tan  h2  x  tan2y)  +  (R  a  +  X  B)  tan  y  sech2 

CdY  ^ 


+  -  R^p)  tan  h  x  sec2  y 

Lj  =  (X^a  -  RjP)  fan  y  sech2  x  -  (Rf<*  +  Xf  p)  tan  h  x  sec2  y 


UR  y  (°[2  +  P2)  »°nh2x  sec2  y  +  (X^ar  -  R^P)  {1  +  tanh2  x  tan2  y) 


UI  =  ™  (“2  +P2>  fQn  V  ^  x  -  (Rfa  +  X^)  (1  +  tanh2  x  tan2  y) 


and 


ad 
cos  $ 


y  = 


cos  $ 


The  pressure  ratio  across  the  blanket  may  be  written 


as 


=  1  + 


»Y  \Z. 


Zt 


—  x  "  ^  ton  y | 


+  j  |  tan  b  x  tan  y  + 


uY 


) 

—  0<  tan  y  +  R  tan  h  x){ 

Zf  2  f  I 


where  x  and  y  are  defined  above . 

5.  AIR  GAP 

The  input  impedance  for  an  airgap  of  width  d  is  given  by 


2.  = 
I 


2  cothU“4  +  coth 
o  \c  cos  e  com  Zg  ) 


(16) 

07) 

08) 

(19) 


(20) 


(21) 


^'-^=>SJ£b££ 


237 


r 


I 

K 


The  characteristic  impedance  for  air  is  Zq  -  pc  and  writing 
ud 

u  c  cos  8 

the  input  impedance  becomes 
pc 


Z.  = 


V2  +W2 


|r(W  +  V(Xt  +  pc  tan  u)  +  j  Jw  <Xf  +  pcfanu)  -  RfV]| 


(22) 


where 


V  =  R^tonu 


W  =  pc-X^tanu 
and  the  pressure  ratio  is  given  by 


pcX 


=  cosu 


sinu+  j 


pcRt 


sinu 


(23) 
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Rgur*  1 .  Double-Wall  Fuselage;  Low  Frequency  Model 


Figure  2.  Double-Wall  Fuselage;  High  Frequency  Model 
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jre  10.  Rigid  Shell  with  Two  or  More  Radiol  Piston* 
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figure  11 .  Fluctuating  Pressure  Non-dimensionalized  by  Dynamic  Hjad  versus  Mach  Number 
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Mean  Through  Bies  (Reference  21), 
Wind  Tunnel  Results 

—  —  Mean  Through  Bies  (Reference  21), 
Flight  Results 

— -  Empirical  Curve 


1  10  100 


Figure  13.  Comparison  of  Empirical  Curve  with  Data  from  Bies  (Reference  21) 


Figure  14.  Companion  of  Pressure  Fluctuation  Spectra  (References  19  and  25} 
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- Gardner,  (Theoretical),  (Reference  26) 

°  Maestrello,  Center  Frequency  1200  Hr,  (Reference  24) 

A  Maestro  I  lo,  Center  Frequency  2400  He,  (Reference  24) 

a  Maestrello,  Center  Frequency  3600  Hz,  (Reference  24) 

•  Willmorth  and  Wooldridge,  Center  Frequency,  500  Hz,  (Reference  27) 

+  Bull,  Center  Frequencies  at  1260, 2000,  3200,  and  5000  Hz,  (Reference  19) 

Figure  16.  Narrow-Band  Lateral  Space  Correlation  Coefficient  far 
Boundary  Layer  Turbulence 
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Correlation  Coefficient,  C  (C,  t  ,  u) 


Figure  17.  Narrow-Band  Longitudinal  Space-Time  Correlation  Coefficients  for  Wall 
Pressure  Field  from  Boundary  Layer  Turbulence  (Reference  1^ 
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Figure  22.  Comparison  of  Longitudinal,  Broadband  Correlation  Coeffic:enH 
at  Two  Mach  Numbers  (Reference  28) 
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Figure  24.  Overall  Jet  Sound  Power  Per  Unit  Nozzle  Area  Venus 
Exhaust  Velocity  (from  Reference  37) 


/ 


J _ I  I  I  I  II I 


0.1 


I  1 _ 1  I  I  I  til — 

1.0 

f  de/Ve 


figure  25.  Spectrum  of  Overall  Sound  Produced  by  a  Jet 
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Kgure  27.  Noonolized  Power  Spectre  in  Downstream  Region 
(From  Reference  41) 
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Figure  28.  Overall  Acoustic 
Per  Unit  Nozzle  t 
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Figure  32.  The  Coordinate  System;  Wing-Mounted  Engine 
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Point  No.  1:  Center  Frequency  =  500  Hz 
Bandwidth  =  12  Hz 


0.1  1.0 

Nondimensionol  Frequency  Parameters,  £/X  Qr  rj/X 


Narrow-Band  Longitudinal  and  Lateral  Space  Correlation  Coefficients  on  the 
Surface  of  a  Cylinder  Immersed  in  a  Reverberant  Acoustic  Field  (Reference  45) 
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Figure  44.  Shell  Resonances,  w  ,  and  Coupled  System  Resonances,  £3  , 

1  mns 

for  Axial  Mode  Number  m  =  1 
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Frequency  -  Hz 


Number  of  Circumferential  Waves  -  n 


gure  45-  Shell  Resonances,  umn,  and  Coupled  System  Resonances,  J2mns, 
for  Axial  Mode  Number  m  =  12 
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Figure  46. 


Shell  Resonances,  and  Coupled  System 
For  Axial  Mode  Number  m  =  25 
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Figure  47 .  Boundary  Layer  Noise  at  o  Position  40  Feet  Along  Fuselage 
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FIGURE  49:  Noise  Reduction  for  the  Untreated  Fuselage 
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Figure  50.  Incremental  Transmission  Loss  of  Acoustic  Treatment 
and  interior  Noise  Reduction. 
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Frjprc  50.  Incremental  Transmission  Loss  of  Acoustic  Treatment  and 
Interior  Noise  Reduction 
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FIGURF.  51:  Equivalent  Reverberant  Field  for  Jet  Nolle  and  Boundary  Layer  Turbulence 


ONE-THIRD  OCTAVE  BAND  CENTER  FREQUENCIES  -  Hz. 

Figure  52.  Fuseloge  Internal  Noise  Levels  dee  to  Transmitted  Boundary 
Loyer  Noise. 
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INPUT  AND 
CONTROL  PROGRAM 


Figure  54*  Conversion  Chart  for  p  to  dB  os  a  Function  of  Mach  Number 


NOTE:  Ground  Level 
CondlUons  Assumed: 
Kinematic  Viscosity  at 


Radial  Distance,  y/D 


Figure  59.  Overall  Sound  Field  for  J57-P21  Turbojet  Engine  at  100  Percent 
Military  Power  -  dB  re:  0.0002  dynes/cm2  (After  Hermes  ond 
Smith,  Reference  67) 
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Figure  60.  Sound  Field  Grid  in  Nozzle  Diameters  for  J57-P21  Turbojet  engine 
(To  be  used  with  Figures  59  and  61  for  estimating  relative  octave 
band  spectra  for  near  field  jet  engine  noise) 
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Figure  61  •  (Continued) 
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Figure  61.  (Continued) 
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Effective  Transmission  Loss  -  dB 


10  100  1,000  10,000  100,000  1,000,000 


f 


-  Wc  =  Frequency  x  Surface  Density 


Figure  63.  Effective  Transmission  Loss  (Random  Incidence).  (This  curve  is 
approximately  6  dB  higher  than  the  usual  ''limp-wall  random 
incidence  mass-law  transmission  loss"  since  the  loss  is  based  on 
the  observed  pressure  on  the  source  side  of  the  wall  with  the  wall 
in  place) - 
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Effective  Transmission  Loss  -  dB 


Frequency  -  Hi 


Figure  64.  Design  Chart  for  the  Change  In  Effective  Transmission  Loss  of  Single 
Untreated  Panels  to  Include  tne  Effect  of  Coincidence  (Modified  from 
Beranek,  Reference  60) 
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Figure  65.  Incremental  Attenuate  Due  to  Adding  the  Absorbing  Structure  to  the 
Basic  Plate  (After  Beronek  ond  Work,  Reference  62) 
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Figure  65.  (Continued) 
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Figure  65.  (Concluded) 


Figure  67.  Typical  Acoustic  Treatments  (as  Listed  in  Table  IV) 
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-Combined  Loss  Factor 


Figure  68.  Calculated  Combined  Loss  Facton;  for  Three  Typical 

Unconstrained  Commercial  Domping  Materials  Applied 
to  a  Uniform  Aluminum  Piate  (Temperature  ^  65°F 
Frequency  a:  75  Hz  ' 
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Figure  <59  .  Design  Chart  for  Optimum  Constrained  Layer 
Dumping  Treatment  Based  on  Modified  Shear 
Parameter  y 
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(W-  +  W  )/W  -  Weight  of  Damping  Treatment /Plate 

Z  I 

Figure  70.  Variation  of  Combined  Loss  Factor  With 
The  Ratio:  Weight  of  Treatment  to  Weight 
Of  Basic  Piate. 


TABLE  ill.  TEST  CASE  INPUT  DATA 


1 .  Length  of  Fuselage 

2.  Radius  of  Fuselage 

3.  Frame  pitch 

4.  Stringer  pitch 

5.  Frame  sectional  area 

6 .  1st  moment  of  area  of  frame  about  skin  c/I 
7  .  2nd  moment  of  area  of  frame  about  skin  c/1 


8.  2nd  polar  moment  of  frame  section 

9.  Stringer  sectional  area 

10.  1st  moment  of  stringer  area  about  skin  c/1 
11  .  2nd  moment  of  stringer  area  about  skin  c/I 

12.  2nd  polar  moment  of  stringer  section 

13 .  Stringer  warping  constant 

14.  Stringer  torsion  constant 

15.  Stringer  product  of  inertia 

16.  Fuselage  skin  thickness 

17.  Lood/unit  length  (longitudinal) 

T8.  Load/unit  length  (circumferential) 

19.  Lood/unit  length  (shear)  in  skin 

20.  Number  of  windows  in  cross  section 

21 .  Window  axial  length 

22.  Window  circumferential  length 

23.  Window  thickness 

24) 

25. ?  Initial  loads  in  window  material 

26. ) 

27.  Double  skin  indicator 


80  ft 
5 .42  ft 
19.2  in. 
8.16  in . 
0.432  in.2 
0.764  in.3 
0.9902  in/ 
1 .0466  in/ 
0.2302  in.2 
0.0574  in/ 
0.1794  in/ 
0.254  in/ 
0.0649  in/ 
2.263  in.4 
0.0 

0 .04  in . 

0.0 

0.0 

2 

10.0  in. 

13 .5  in . 
0.2  in. 


0.0 


0 


TABLE  III.  TEST  CASE  INPUT  DATA  (Continued) 


33 . 

Dynamic  magnification  factor 

50 

34. 

Ski.,  damping  treatment  materiel  loss  factor 

0 

35. 

Young's  modulus  for  fuselage  shell 

10.5x1$  lb/in.2 

36. 

Young’s  modulus  for  window 

7 .5  x  1$  lb  in.2 

37. 

Poisson's  Ratio 

0.2 

33. 

Fuselage  shell  material  density 

172.0  lb/ft3 

39. 

Window  material  density 

200.0  lb/ft3 

40. 

Skin  damping  treatment  material  density 

0.0 

41. 

Forward  speed  of  aircraft 

350 .0  ft/sec . 

42. 

Air  density 

0 .00238  slugs/ft3 

43. 

Speed  of  sound 

1120.0  ft/sec. 

44. 

Air  viscosity 

1  .5  x  10"'  slugs/ft 

45. 

Air  pressure 

2080  lb/ft2 

46. 

Internal  static  pressure 

2080  ife/ft2 

47. 

Internal  speed  of  sound 

1 120  ft/sec . 

48. 

Internal  air  density 

.00238  slugs/ft3 

49. 

Front  of  fuselage  to  jet  exit  1 

35.0  ft 

50. 

Front  of  fuselage  to  jet  exit  2 

40  ft 

51. 

Fuselage  c/I  to  jet  c/I  1 

28.0  ft 

52. 

Fuselage  c/I  to  jet  c/I  2 

34  ft 

53. 

Jet  exit  velocity 

1850  ft/sec . 

54. 

Speed  of  sound  in  jet 

1850  ft/sec. 

55. 

Radius  of  jet 

0.925  ft 

56. 

Number  of  iayers  of  acoustic  treatment 

3  and  4 

57. 

Equivalent  surface  area  for  internal  absorption 

3000  ft2 

58. 

Type  of  treatment:  (a) 

Airgap 

2  in.  deep 

<b) 

Septum 

0.06  lb/ft2 

(c) 

Porous  blanket 
density 

air  volume  coefficient 
flow  resistance 
porosity 
structure  factor 

3.0  in.  thick 

1 .5  lb/ft2 

30,000  lb/ft2 
3,000  lb  sec/ft3 
0.9 

1.3 

(d) 

Septum 

0.06  lb/ft2 

327 


ABSORPTION  COEFFICIENTS 


CO  CO  CO 

rv.rv.hv 


moo 

CO  O  O  CN  CO 


O  O  O  CO  — 


O  CO  CO  N 


rv  rv  rv 
00  00  CO 


CM 

m 

rv. 

cm 

CN 

CM 

rv. 

i-O 

— 

O 

CO 

rv 

-0 

CO 

0^ 

O- 

O 

to  0 

CM 

O 

O 

CN  CM 

0 

0 

0 

0 

0 

O 

O 

0  0 

O 

O 

O 

CO  — 

to 

CO 

m 

rv.  ^ 

-0  CO 

m 

00  Cv  O- 

cs 

•K* 

cv 

to 

vj- 

CO 

to 

CN 

CN 

co 

O 

m 

■0 

CO 

CO 

rv 

rv 

CM 

O 

O 

CN 

0 

O 

0 

O 

0 

0 

0 

0 

0 

0 

O 

O 

O 

CO 

d 

CO 

CO 

rv 

-M- 

s? 

CK 

CO 

CN 

CO 

rv 

rv 

IV 

V 

O 

0 

C5 

0 

0 

0 

0 

CO 

to 

to 

co 

IV 

CN 

CN 

CN 

CM 

to 

o 

*0 

IV 

CN 

to 

V 

rv 

co 

O 

O 

0 

>o 

O 

0 

0 

d 

0 

0 

0 

O 

0 

O 

O 

O 

CO 

0 

rv  o- 
co  ^  m 


co  —  cn 

—  CO  o 


to  CO  co 

CN  CO  CO 

odd 

CMOS 

O  •—  CN 

d  d  0 

to  CN  to 
—  0  —  rv  rv 

0  0  0  CM  0 

co  >0  co 
00^ 

CN 

CN  O 

d  d  0 

O  O 

(l) 

(l) 

(1) 

(l) 

CN*  CN*  C? 

ss 

s  s§ 

333 

o  o  o 


s. 

N  N  IS,  K  o  ©  © 

■O  'O  O  'O  -ac  -ac 

c  c  c 

2  ®  2  £  ooo 

3  0  0  0  co  co  co 

05  05  05  05  _  _  _ 

iZ  lZ  iZ  LZ  cm 

I  I  I  I  >11 


o_  a.  c 

o  o  ~ 

MM?. 

3  ^  o  ‘ 
_  2  £  -g 

"5  o  o  ^  ■ 
>  t-fc.  o  ■ 

£  rr  s , 

S  S  §)£' 

O  OO  c 
■5  <d  "a  . 

^  ^  «/»  Q)  • 

At  ***  “r» 

•J-D  w  o2 
o  ®  £  1, 

m  "TO  0  —  <U  - 

§.^5  J  1-2  ■ 

o  _2  c  a.  §  o  . 

Q-  Z3  ^  00  >— «*  - 


000 
u  o  u 
c  c  c 

0  0  4) 


Unclassified 


Security  Classification 


DOCUMENT  CONTROL  DATA  •  RAD 

(Security  c/uaificalJcu  of  title.  bcttSy  e>*  AbtlMcf  **d  iod»jinj  anrvl«ii«n  mu<'  &•  entmrwii  W>an  tftm  oweretl  report  im  Glrnttnirnd) 


>  OTICINUTIN  5  ACT|V|ty  fCo/j»/»/»  ourtwr,)  [2*  ieCUNiTt  c  lihificatiqn 

-'-Vyie  Laboratories,  P.0.  Box  1008  _ Unclassified _ 

Huntsville,  Alcbamc  35800  24  sxoup 

N/A 


i  REt-on.  title  Sft-yctLiral -Acoustic  Response,  Noise  Transmission  Losses  end  Interior  Noise 
Levels  of  an  Aircraft  Fuselage  Excited  by  Random  Pressure  Fields. 


4  DESCRIPTIVE  NOTES  (Type  et  report  mtd  tnclualee  6eta») 

Final  Jonuary  1967  to  January  1968 


5-  AUTHOR**;  (InMim*.  flmlriHt,  tnitimi) 

Cockburn,  James  A.,  and  Jolly,  Alex  C. 


7e  TOTAL  NO  or  OAOEI 

328 


•  •  5»l9INATOn  NtAORT 

AFFDL-TR-68-2 


a.  REPO  *T  DATE 

August  1968 


tm  CONTRACT  OR  SRANT  mo. 

F33  (6 1 5)  -67 -C- 1 287 

£*.  MOJICT  NO- 

e.  1471  I  16.  OTW|i  noth;  (Any  ether  rtuBtlerm  Amt  may  be  uafftvd 

a  147102  MR  67-16 


10-  A  V*  »L  ABILITV/LIMITATION  NOTICES 

This  document  is  subject  to  special  export  controls  and  each  transmittal  to  foreign  govern¬ 
ment  or  foreign  nationals  mey  be  made  only  with  prior  approval  of  A.F.  Flight  Dynamics 
Laboratory  (FDDAlWPAFB.  Ohio  _ 


11-  SUPPLEMENTARY  MOTES  1J  SPONSORING  MILITARY  ACTIVITY 

Air  Force  Flight  Dynamics  Laboratory 
Wright-Patterson  AFB,  Ohio  45433 


13  ABSTRACT 

A  theoretical  and  empirical  study  of  the  structural -acoustic  response  and  sound  transmission 
properties  of  fuselage  structures  is  described.  The  external  fluctuating  pressure  environments 
discussed  are  boundary  layer  turbulence,  jet  noise  and  reverberant  acoustic  fields.  In  order 
to  investigate  the  complete  behavior  of  the  fuselage,  equivalent  structural  models  are 
analyzed  whose  combined  characteristics  represent  the  complex  fuselage  structure  throughout 
the  entire  frequency  response  range  of  interest.  The  structure  and  Interior  sound  field  ore 
treated  throughout  as  a  coupled  dynamic  system  whose  response  is  describable  in  terms  of  the 
system's  normal  modes.  Prediction  methods  are  developed  for  structural  responses,  noise 
reduction  and  interna!  acoustic  fields  of  untreated  and  acoustically  treated  fuselage  struc¬ 
tures.  The  results  of  this  study  have  been  programmed  for  computer  solution,  thus  allowing 
the  significant  parameters  affecting  sound  transmission  to  be  determined.  In  addition  to  the 
computer  programs,  empirical  design  charts  are  presented  for  carrying  out  pre-design  esti¬ 
mates  of  the  externa!  fluctuating  loads  due  to  boundary  layer  turbulence  and  jet  noise  and 
overall  noise  reduction  of  typical  acoustic  treatments. 

Distribution  of  this  Abstract  is  Unlimited  . 


Unclassified 
Security  Classification 


Unclassified 


Strucfgral -Acoustic  Response 
Noise  Transmission  Losses 
Aircraft  Fuselage  Soundproofing 


INSTRUCTIONS 


1.  ORIGINATING  ACTIVITY:  Entir  th.  ruo.  tad  xldmi 
of  tkt  contractor,  subcontractor,  ptnt««,  Dapartotet  of  D» 
Ions*  activity  or  other  organisation  {corporate  author)  issuing 
tb*  report. 

2 *.  REPORT  SECIA4TY  CLASSIFICATION!  Enur  the  or«* 
all  security  classification  of  th*  report.  Iodic  at*  whether 
‘  •Restricted  Data”  is  included  Marking  is  to  b*  In  accord¬ 
ance  with  appropriate  security  regulations. 

2b.  GROUP:  Automatic  downgrading  ia  specified  in  DoD  Di¬ 
rective  5200. 10  and  Armed  Forces  Industrial  Manual.  Enter 
the  group  number.  Also,  whan  applicable,  show  that  optional 
m  ir kings  have  been  used  for  Group  3  and  Group  4  «  author¬ 
ised. 

3-  REPORT  TITLE:  Enter  the  complete  report  title  in  all 
capi*al  letters.  Titles  ia  all  cases  ahould  be  unc'sstlfisd. 

If  a  meaningful  title  cannot  be  selected  without  classifica¬ 
tion*  show  title  classification  in  all  capitals  in  parenthesis 
;  immediately  following  the  title. 

4.  DESCRIPTIVE  NOTES:  If  ^rpropriate.  enter  the  type  of 
report,  e.g..  interim,  progtor.  summary,  annual,  or  final- 

|  Give  t^e  inclusive  dates  when  a  specific  reporting  period  is 
covered. 

5.  AUTHORCS):  Enter  the  namafa)  cf  authors)  as  shows  on 
or  in  the  report.  Enter  last  name,  first  name,  middle  initial. 

If  military,  show  rank  and  branch  of  service  The  name  of 
the  principal  *"thot  is  an  absolute  minimum  requirement. 

6.  REPORT  DATE:  Enter  the  date  of  the  report  as  day, 
month,  year;  «“  month,  year.  Xf  more  than  one  date  appears 
on  the  report,  use  date  of  publicat  ion. 

7a.  TOTAL  NUMBER  OF  PAGES:  The  total  peg e  count 
should  follow  normal  pagination  procedures,  i-*.,  enter  the 
number  cf  pages  containing  information 

7o.  NUMBER  OF  REFERENCES:  Enter  the  total  number  of 
references  cited  in  the  report. 

da.  CONTRACT  OR  GRANT  NUMBER:  If  appropriate,  enter 
the  applicable  n*:vber  of  the  contract  or  grant  under  which 
the  report  was  written 

Sb,  8c,  A  Bd.  PROJECT  NUMBER:  Enter  the  appropriate 
military  depart  mesa  identification,  such  as  project  number, 
subproject  number,  system  numbers,  task  nunfcer.  etc. 

9m.  ORIGINATOR'S  REPORT  NUMBER(S)*  Enter  th-  offi¬ 
cial  report  number  by  which  the  document  will  be  identified 
and  controlled  by  the  originating  activity.  This  number  moat 
Ve  unique  to  this  report. 

9b.  OTHER  REPORT  NUMBERfS)?  If  the  report  has  *een 
assigned  any  other  rep.-rt  numbers  farther  by  the  originator 
or  by  rhe  apordorj,  also  truer  this  numberfs). 

10.  .'-.VAILABILrrY/ LIMITATION  NOTtBES:  Euler  any  Lk.r- 
nation*  on  futtur  dissemination  of  th*  report,  other  than  those 


imposed  by  security  cl  as  side  at  ion.  using  standard  statement  a 
such  *k 

Cl)  “Qualified  requesters  may  obtain  copies  of  this 
report  from  DDC.'* 

(2)  “Foreign  aonouaermsst  and  dissemination  of  this 
report  by  DDC  ia  not  authorised  ” 

C3)  "U  S.  Gowrmwt  agencies  may  obtain  copies  of 
this  report  directly  from  DEC.  Other  qualified  DDC 
users  shall  request  through 


<4)  **U-  &.  military  agencies  may  obtain  copies  of  this 

report  directly  from  DDC.  Other  qualified  users 
shall  request  through 


(5)  44  All  distribution  or  this  report  is  controlled-  Qual¬ 
ified  DDC  users  shall  request  through 


If  the  report  has  been  furnished  to  the  Office  of  Technicnt 
Services,  Department  of  Commerce,  for  sate  to  the  public,  indi¬ 
cate  this  feci  -nd  enter  the  price,  if  knows 

U.  SUPPLEMENTARY  NOTES:  Use  for  additional  explana¬ 
tory  notes. 

13.  SPONSORING  MILIT/RY  ACTIVITY;  Eater  the  name  of 
the  departmental  project  office  or  laboratory  sponsoring  f pay¬ 
ing  tor)  the  research  and  development.  Include  address. 

13-  ABSTRACT:  Enter  an  abstract  giving  a  brief  sad  factual 
summary  of  the  document  indicative  of  the  report,  even  though 
it  may  also  appear  elsewhere  in  the  body  Of  the  technical  re- 
port.  If  additional  space  is  required,  a  continuation  sheet  shall  I 
be  attached. 

It  >a  highly  desirable  that  the  abstract  of  classified  reports  j 
be  unclassified.  Each  pnmgrapfa  of  the  abstract  shall  end  with  j 
an  indication  of  the  military  security  classification  of  the  in¬ 
formation  in  the  paragraph,  represented  qs  (T3J.  (5).  (C).  or  (XJy.  I 

There  is  no  limitation  on  the  length  o.‘  the  abstract-  How¬ 
ever.  the  suggested  length  ia  from  ISO  to  225  words. 

14.  KEY  WORDS:  Key  words  are  technically  meaningful  terms 
or  short  phrases  that  characterize  a  report  and  may  be  used  as 
index  entries  for  cataloging  the  report.  Key  words  must  be 
selected  ao  that  no  security  classification  is  required.  Identi¬ 
fiers.  such  as  equipment  model  designation,  trade  name,  military 
project  ccv-  name,  geographic  location,  may  be  used  as  key 
word-  but  will  he  followed  by  so  Indication  of  technical  con¬ 
text.  The  assignment  of  links,  rules,  and  weights  is  optional. 


Unclassified 


Security  Classification 


